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Resumen de la tesis que presenta Florian Christof Laurenz Drescher como requisito parcial para la
obtencidon del grado de Doctor en Ciencias en Ciencias de la Vida con orientacidén en Biotecnologia Marina.

Caracterizacion del eje ANGPT1 / TIE2 en la dormancia de las células cancerosas

Resumen aprobado por:

Dr. Pierrick Gerard Jean Fournier Dr. Alexei Fedorovish Licea Navarro
Codirector de tesis Codirector de tesis

El microambiente 6seo induce la dormancia de células cancerosas a través de mecanismos similares al de
células madres hematopoyéticas (HSC), provocando resistencia a tratamientos oncoldgicos. El receptor,
TIE2, induce dormancia de HSC y algunas células cancerosas, haciéndolo un blanco para tratamientos
antiangiogénicos. Sin embargo, su inhibicidn puede reiniciar la proliferacion de células cancerosas, lo que
plantea riesgo de crecimiento de metdstasis dseas, pero al mismo tiempo aumenta la sensibilidad de
células cancerosas a quimioterapia. Nuestro objetivo fue caracterizar el papel de TIE2 en la dormancia de
metadstasis 6seas. Cohortes de pacientes de la base PROGgene muestran que niveles altos de TIE2 en
tumores primarios de las pacientes de cdncer de mama (BCa) se asocian con una deteccion posterior de
metastasis, asi como recaida posterior y una larga supervivencia. Mediante citometria de flujo y RT-qPCR,
no se detectaron o se dectaron bajos niveles de TIE2 proteina y ARNm en lineas celulares de BCa y cancer
de prdstata (PCa). Células BCa y PCa transducidas para expresar constitutivamente TIE2, perdieron
gradualmente las células TIE2*, a pesar de la seleccién continua de antibidticos. Congruentemente, 5
conjuntos de datos de pacientes diferentes obtenidos de Oncomine, mostraron una expresion de TIE2
significativamente menor en BCa invasivo que en tejido mamario sano. Usando Dox para expresar TIE2,
bajo un sistema Tet-ON, y clasificacidon FACS, obtuvimos células MCF-7 TIE2"' BCa con 86%-99% de células
TIE2*. Expresando TIE2 con Dox, hubo disminucidn significativa de proliferacidn celular en ensayos de MTT
y el porcentaje de células en fase S y G2/M se redujo en experimentos del ciclo celular en MCF-7 TIE2™*
pero no en células control MCF-7 GFP™. Expresion de TIE2, pero no de GFP, disminuyd significativamente
niveles de ARNm del marcador de proliferacidon Ki67 y PCNA al tiempo que aumentd la expresidn de los
marcadores de dormancia p21 y p27. Al determinar la supervivencia mediante el ensayo MTT,
encontramos que la expresion de TIE2 aumentd la resistencia al quimioterapéutico 5-fluorouracilo. Para
evaluar el efecto de la inhibicién de TIE2, intentamos obtener un vNAR de tiburdn a partir de bibliotecas
VNAR sintéticas, utilizando “phage display”. Sélo se obtuvo un candidato vNAR que pudo unirse a TIE2 pero
no pudo ser purificado. La inhibicién de TIE2, con el inhibidor rebastinib, tampoco fue posible. In-vivo,
células 4T1 TIE2™, obtenidas por seleccion clonal, e inoculadas ortotdpicamente en ratones Balb/C,
recibiendo Dox, mostraron volumen y peso tumoral reducido en comparacién con ratones control. Células
4T1 TIE2™ inoculadas intracardiacamente causaron metastasis 6seas independientemente de TIE2. Sin
embargo, el nimero y gravedad de areas osteoliticas disminuyeron significativamente cuando se expreso
TIE2. Expresion de TIE2 disminuye el crecimiento de células BCa in-vitro e in-vivo, y su sensibilidad al 5-
fluorouracilo; mientras aumenta expresion del marcador de dormancia in-vitro, el tiempo para desarrollar
metastasis y la supervivencia de los pacientes con BCa. Estos resultados muestran que TIE2 es suficiente
para inducir dormancia y podria servir como marcador prondstico para pacientes. Pero se sugiere ademas
ser cautelosos al usar inhibidores de TIE2 en clinica, ya que podrian despertar células dormantes
cancerosas.

Palabras clave: cancer de mama; metastasis dseas; dormancia; TIE2; resistencia a la quimioterapia;
recaida del cancer
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After arriving in bone, cancer cells can enter a dormancy state that can last for years, during which they
are resistant to treatment. The bone microenvironment induces dormancy via mechanisms similar to the
ones of hematopoietic stem cells (HSC). The receptor, TIE2, induces the dormancy of HSC and some cancer
cells and is a target for anti-angiogenic treatments. However, its inhibition may restart the proliferation of
cancer cells, posing the risk of bone metastasis growth, while increasing the sensitivity of cancer cells to
chemotherapy. Therefore, we aimed to characterize the role of TIE2 in dormancy of bone metastases. In
patient cohorts from the PROGgene database, higher levels of TIE2 in the primary tumor of breast cancer
(BCa) patients are associated with a later metastasis detection, later relapse, and longer overall survival in
multiple datasets. However, using flow cytometry and RT-qPCR TIE2 protein or mRNA was either very low
or undetected in cultured BCa and prostate cancer (PCa) cell lines. BCa and PCa cells transduced to
constitutively express TIE2, gradually lost TIE2* cells, despite continuous antibiotic selection. Congruently
5 different patient datasets from the Oncomine database showed a significantly lower TIE2 expression in
invasive BCa than healthy breast tissue. Using Doxycycline (Dox) to express TIE2, under a Tet-ON system,
and FACS sorting, we obtained MCF-7 TIE2"" BCa cells with 86% to 99% TIE2* cells. When expressing TIE2
in the presence of Dox, there was a significant decrease of cell proliferation in MTT assays, and the
percentage of cells in S and G,/M phase was reduced in cell cycle experiments in MCF-7 TIE2' but not in
MCF-7 GFP™ control cells. TIE2 expression, but not GFP, significantly decreased mRNA levels of the
proliferation marker Ki67 and PCNA while increasing the expression of dormancy markers p21 and p27.
Determining the survival by MTT assay we found that TIE2 expression increased the resistance to the
chemotherapeutic 5-Fluorouracil. To evaluate the effect of TIE2 inhibition we attempted to obtain a shark
vNAR from synthetic vNAR libraries, using phage display. Only one vNAR candidate that could bind TIE2
was obtained but could not be purified. Inhibition of TIE2, with the small molecule inhibitor rebastinib,
also was not possible. In vivo, 4T1 TIE2'! cells, obtained by clonal selection, and inoculated orthotopically
in Balb/C mice, receiving Dox, showed significantly reduced tumor volume and weight compared to control
mice. Intracardiacally inoculated, 4T1 TIE2*! cells caused bone metastases regardless of TIE2 expression.
However, the number and extent of osteolytic areas was significantly decreased when TIE2 was expressed.
Overall, TIE2 expression decreases BCa cell growth in vitro and in vivo, and their sensitivity to 5-
Fluorouracil, while increasing the expression of dormancy marker in vitro, and the time to the
development of metastasis and survival of BCa patients. Together, these results show that TIE2 is sufficient
to induce dormancy in vitro and in vivo, and might serve as prognostic marker for patients. Additionally,
these data suggest to be cautious when using TIE2 inhibitors in the clinic, as they could awaken dormant
disseminated tumor cells.

Keywords: breast cancer; bone metastasis; dormancy; TIE2; chemotherapy resistance; cancer relapse
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Chapter 1. Introduction

1.1 General introduction

1.1.1 Cancer

Cancer describes a variety of diseases that are all defined by the uncontrolled growth of somatic or
germline cells that can invade the neighboring tissues and eventually spread to other organs. This is a
result of mutations that lead to the acquisition of several characteristics that have been coined hallmarks
(Figure 1) (Hanahan and Weinberg, 2011). Mutations are a consequence of imperfect DNA synthesis which
occurs in growing cells and they accumulate with every cell division. Additionally, mutations can occur
through external factors like ionizing radiation and chemicals. As a consequence cancer development
becomes more and more likely as people age (Balducci and Ershler, 2005) and therefore the incidence
rates of cancers are projected to increase worldwide in the next years as the world population ages (Bray
et al., 2018). Besides the age-related increase of cancer risk lifestyle (smoking, drinking alcohol, diet, etc.)
and environmental and or occupational factors (exposure to carcinogenic chemicals, air pollution, etc.)
can also increase the risk to develop cancer. For the United Kingdom for example it is estimated that
between 40% (women) and 45% (men) of cancer cases could be avoided by a change in behavior and

avoidance of environmental risk factors (Parkin et al., 2011).

Over the last decades, the cancer survival rates have been increasing in most cancers due to earlier
detection and screening and an increase and improvement in treatment options (Arnold et al., 2019).
Unfortunately despite advances in cancer treatment many patients still succumb to their disease.
However, over 90% of patients die not from the primary tumor but due to metastasis (Seyfried and
Huysentruyt, 2013). Metastasis develop from cancer cells that left the primary tumor and travel to distant
organs. The organs that cancer cells spread to are not random and different cancers have certain
propensities for organs to metastasize to. This pattern was already identified in 1889 by Sir Stephen Paget
who concluded, through his autopsy studies and data from other publications, that the cancerous “seed”

III

can only grow if the “soil” or target organ fits (Paget, 1889). In general the most common sites for
metastasis development, in all cancers, are liver, lungs, and the bones (Disibio and French, 2008). In
particular breast (BCa) and prostate cancer (PCa), two of the most common cancers worldwide, are known
to form bone metastasis (Bell et al., 2015; Braun et al., 2005). Although the incidence of cancer cells in the

bones increases the further the disease advances, more than 25% of BCa patients in the earliest BC tumor



stage have cancer cells in their bones (Braun et al., 2005). Therefore cancer cells are often already in the

bones at the time of diagnosis and a preventive approach is not possible in those patients.

1.1.2 Bone metastasis

Bone is a special environment and contrary to popular belief bone is a very dynamic tissue (Bussard et al.,
2008). A constant formation and resorption of bone matrix by cells called osteoclasts and osteoblasts
enables adaptation in the strengths of bones to different stresses that are applied e.g. physical work or
sports. Thus a variety of factors that can boost cancer cell development are already present when cancer
cells arrive. In turn cancer cells also release factors that increase the resorption of bone. Therefore growing
bone metastasis and bone resorption are driving each other in a process that has been termed the “vicious
cycle” of bone metastasis (Bussard et al., 2008). Several treatment options for bone metastasis have been
developed, ranging from systemic chemotherapy over local radiation of bones to targeting the bone
marrow microenvironment and its cells directly. However there is no curative treatment for bone
metastasis and eventually, there will be a fatal outcome (Esposito et al., 2018). Due to an increase of BCa
and PCa cases in the coming years (Bray et al., 2018), the number of patients with bone metastasis can be
expected to increase as well. This further highlights the need to better understand bone metastasis to

develop new treatment and curative approaches.

1.1.3 Cancer cell dormancy and the hematopoietic stem cell niche

Once cancer cells have reached the target organ they can enter a state of non-proliferation or dormancy.
Dormant cells are protected from radiation and chemotherapeutic agents that work by attacking pathways
or functions that cells need to grow and divide (Van der Toom et al., 2016). Due to their small size,
dormancy, and molecular makeup they can stay hidden and survive the initial cancer treatment. After
years and sometimes even decades dormant cancer cells can re-start their growth (Sosa et al., 2014). The
exact mechanisms of when and how cancer cells leave this dormancy stage are not yet fully understood.
However in the case of BCa and PCa cells in the bone marrow, it was found that many mechanisms to enter
the bone and dormancy were already discovered in hematopoietic stem cells (HSCs). HSCs are the source

of all blood cells and reside in a special (micro-)environment, the HSC niche, that protects them from stress



and enables their long term survival throughout the life of an individual (Carlson et al., 2019). HSCs use
signaling axes like CXCL12 and the receptor CXCR4, annexin2 and annexin2 receptor (ANXA2-ANXAZ2R),
and N-cadherin to enter and attach in the HSC niche in the bone (Arai et al., 2012; Hoggatt and Pelus, 2011,
Jung et al., 2007). The same signals have been found to enable entering and attaching of BCa and PCa cells
in the HSC niche (Capulli et al., 2019; Mukherjee and Zhao, 2013; Shiozawa et al., 2008). Proteins like bone
morphogenic protein-7 (BMP-7), growth arrest-specific 6 (GAS-6), Notch and angiopoietinl (ANGPT1)
induce dormancy in HSCs and can also lead to dormancy in BCa and PCa cells (Capulli et al., 2019; Kobayashi

et al., 2011; Taichman et al., 2013; Tang et al., 2016).

1.1.4 TIE2 in dormancy and angiogenesis

ANGPT1 is the main activating binding partner for the receptor TIE2 (Leppénen et al., 2017). TIE2 was first
described in endothelial cells and is important in the maintenance of blood vessel integrity. This signaling
pathway can be inhibited by competition for the binding site by angioipoietin2 (ANGPT2). ANGPT2 leads
to the destabilization of connections of endothelial cells. This allows the migration and proliferation of
endothelial cells to form new blood vessels (angiogenesis) (Leppanen et al., 2017). However, tumor cells
often secrete ANGPT2, which induces angiogenesis and prevents a stabilization of vessels as ANGPT2 is
secreted continuously by the tumor cells. Together with other angiogenic signals, this leads to tumor
vessels with uneven, non-unidirectional blood flow but it also enables cancer cells to enter blood vessels

more easily and therefore promotes metastasis (Huang et al., 2010).

For this reason, therapies that target TIE2, either as small molecule inhibitors of the signal transduction
domain of TIE2 or peptides against both ANGPT1 and ANGPT2 to prevent binding to TIE2, have been
developed (Harney et al., 2017; Neal and Wakelee, 2010). However ANGPT1-TIE2 signaling is also able to
induce dormancy in HSCs and some cancer cells and ANGPT1 induced dormancy increased the resistance
to chemotherapeutic agents (Arai et al., 2004; Tang et al., 2016). This indicates that TIE2* dormant cancer

cells may survive the initial chemotherapeutic cancer treatment and pose a constant relapse risk.

Therefore it seems possible that anti-ANGPT/TIE2 therapies could be efficient anti-angiogenic agents but
may have the side effect of awakening cancer cells from TIE2 induced dormancy in the bone. Consequently,

a deeper understanding of the role of TIE2 in cancer cell dormancy in the bone marrow is necessary in



order to develop treatments. For this, we want to confirm the clinical significance of TIE2 expression in

available patient data and evaluate the effect of TIE2 on dormancy with in vitro and in vivo experiments.

1.2 Background

1.2.1 Cancer hallmarks

Cancer is an umbrella term for a variety of diseases that can be classified by their tissue or cell type of
origin. In adults, the most common form of cancer is carcinoma which derives from epithelial cells in a

variety of organs (Bray et al., 2018).

Even though cancers can derive from different tissues they are all defined as the uncontrolled growth of
body cells that can invade neighboring tissue and eventually spread to other organs to form metastases
(www.cancer.gov, 2015). The various biological capabilities which enable this process have been described
as hallmarks during a multi-step process that starts in a single cell of origin and transforms the cell and the

cells that derive from it into cancerous cells (Figure 1) (Hanahan and Weinberg, 2011).

Although not a hallmark itself but an enabling characteristic, genetic instability, i.e. increased rate of
mutation and a reduction or loss of genome repair mechanisms, facilitates the acquisition of mutations.
One central aspect of transformation is the ability for sustained proliferation, which can be obtained
through a variety of ways including autocrine growth factor signaling, stimulating surrounding tissue to
release growth factors, overexpression of growth receptors on the cell surface or by mutations that
activate growth receptors or downstream targets of the receptors constitutively. Similarly, cells have to
become immortal, i.e. they have to be able to divide indefinitely in contrast to non-transformed cells which
can divide only a limited number of times before they become senescent. This will allow the formation of
a tumor from a single founder cell. However, in order to transform a cell, growth suppressor pathways
also have to be stopped. A wide variety of pathways controls cell cycle progression and cell proliferation
and a loss of these tumor suppressors were identified to promote cancer development. In addition to this,
transformed cells have to avoid apoptosis signaling that would trigger the self-destruction of cells in case
of high stress which can occur either during tumorigenesis or during anti-cancer therapy. In addition, the
fast growth but also the hypoxic microenvironment in many parts of the tumor, can help to switch to an
anaerobic energy production (glycolysis) to circumvent those limitations. At the same time, it has been

hypothesized that a switch to glycolytic energy production can provide metabolites for biosynthetic



pathways in the cell such as the generation of nucleosides and amino acids to further support cell growth

(Hanahan and Weinberg, 2011).

During the formation of a tumor, nutrients and oxygen supply are limited. Therefore further growth
depends on the ability of the tumor to gain access to the circulatory system, via angiogenesis. For this,
existing blood vessels are forced to form new vessels, to supply the growing tumor. Additionally, it was
also shown that tumor cells themselves can form vessels, to support angiogenesis (Fouad and Aanei, 2017).
However not only endothelial cells and perivascular cells are recruited by the growing tumor, but a wide
variety of other cells, including bone marrow derived cells, fibroblasts and immune cells, which together
with cancer cells, form the tumor microenvironment. Interestingly cancer cells that successfully evade
immune surveillance and destruction in order to progress tumor development will eventually use
inflammatory signals of immune cells like macrophages and lymphocytes which serve as growth promoters
in this context. One final hallmark in cancer progression is the ability to metastasize. Following the
established model, cancer cells first obtain a mesenchymal cell phenotype that can move and intravasate
into blood and lymphatic vessels, and enables cancer cells to travel vast distances. Cancer cells that
become stuck in capillaries or that are attracted to homing signals, may then leave the circulatory system
and return to an epithelial phenotype and form a new tumor in a different organ (Hanahan and Weinberg,
2011) (Figure 1). Together these hallmarks not only drive cancer progression and tumor development but

they also make the treatment of cancer so difficult.
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Figure 1 The hallmarks and enabling characteristics of cancer. To grow and overcome cell-intrinsic and cell-extrinsic
inhibitory signals cancer cells have to obtain a variety of hallmarks and enabling characteristics. Together they enable
a progression from a somatic or germline cell, to a malignant disease. Shown is an exemplary tumor with cancer cells
(grey) tumor-infiltrating cells (purple, orange) and blood vessels (red). Hanahan and Weinberg (2011).



1.2.2 Limitations of cancer therapies

Surgery to remove a tumor is the oldest strategy to treat cancer (Skuse, 2015) and is still a widely used
first treatment option often accompanied by adjuvant therapy. However, the success of surgery is limited
by the accessibility of the tumor site. Cancer cells that already have settled in distant organs may not be
operable, either because of the location (e.g. brain metastasis) or because of the number of metastasis
(e.g. lung metastasis) (Gonzalez et al., pp. 302, 2017). Additionally, metastatic sites must be detected first,
to be treated and small or non-proliferating (i.e. dormant) metastases may not be detected until they

reach a certain size.

In a similar manner radiation therapy, either directed beam or radioactive implants can only be used where
the location of tumors and metastasis is known, but not in unknown sites of metastasis. Additionally, the
location of the tumor may limit the usage of radiation beams, due to the sensitivity of neighboring tissue

to radiation (e.g. brain stem or small bowels) (Neal and Hoskin, p. 45, 2009).

Systemic therapy approaches like hormone therapy in breast (BCa) and prostate cancer (PCa), will stop
signaling of steroid hormones on cancer cells that possess the corresponding receptors, e.g. estrogens and
estrogen receptors. However, due to an increased mutation rate and evolutionary pressure, some cancer
cells that may grow independently of those hormones can continue tumor and metastasis growth (Fan et
al., 2015; Huang et al., 2018). Similarly, the efficacy of systemic chemotherapy can be reduced or overcome
completely by cancer cells that have been selected through their resistance to chemotherapeutic agents.
Besides other mechanisms, the expression of drug efflux pumps, increased expression of detoxification
mechanisms, down-regulation, and pathway shift away from chemotherapy targets and resistance to

apoptosis have been described to overcome chemotherapy sensitivity (Cree and Charlton, 2017).

Also in newly developed immunotherapies the tumor heterogeneity but also the ability of cancer cells to
adapt to stress signals can enable cancer cells to become treatment-resistant. Therefore, even after an
initial response to treatment, a relapse can follow. For example, it has been described, that cancer cells
that have lost functional major histocompatibility complex class | (MHC-I), which can activate CD-8" T-cells,
makes cancer cells resistant to tumor-specific CD-8* T cell therapies. In a mouse melanoma model it was
shown that there was a reversible, inflammation induced, loss of the expression of melanocytic antigens
in cancer cells, which had been recognized by T-cells that were re-introduced via adoptive T-cell transfer

(Restifo et al., 2016).



Despite those great challenges in cancer treatment the cancer-free survival rates but also the time that
patients survive with the disease have greatly increased over the last decades, in most cancers. This is due
to two factors: an increase in cancer detection of early-stage cancers that allows earlier and more
successful treatment and due to more and more refined available treatment options (Arnold et al., 2019).
Only a minority of patients die from the initial tumor but in over 90% of cases, the patients succumb to
distant metastasis (Seyfried and Huysentruyt, 2013). While many and often multiple organs can be
colonized by cancer cells, the most common sites of metastasis of all primary cancers, besides local and
distant lymph nodes, are liver, lung, and the bones. Especially breast cancer (BCa), one of the most
common cancers, has one of the highest frequencies of metastasis. In a retrospective autopsy study, of
cancer patients from the first half of the 20*" century, which had not received chemo- or radiation therapy,
an average of 5.2 metastatic sites per primary BCa was found which was only surpassed by 5.8 metastasis
per primary tumor in testicular cancer. The most common sites of BCa besides lymph nodes were bone,
lung and liver metastases. In the same study, prostate cancer had around 2.4 sites of metastasis per
primary PCa and metastasized most commonly to regional lymph nodes (26.2%), bone (19.7%), distant

lymph nodes (18.4%), lung (12.8%), and liver (7.8%) (Disibio and French, 2008).

1.2.3 Breast and prostate cancer bone metastases

With over two million estimated new cases worldwide in 2018, breast (BCa) is the most common cancer
in women (Bray et al., 2018). In a retrospective study of nearly 140,000 BCa patients from the United
States, the most common histological types were form in the milk ducts of the breast (ductal carcinoma,
73% of all cases) or the milk-producing lobes (lobular carcinoma 8% of all cases) and mixed ductal/lobular
(7% of all cases), while other types, such as mucinous, comedo, inflammatory and other BCa types were
much less common (Li et al., 2005). On the molecular level, BCa can be further characterized by the
hormone receptors for estrogen (ER) and progesterone (PR) as well as human epidermal growth factor
receptor 2 (HER2) status. The most common subtypes in the USA are ER*/PR*/HER2 ("Luminal A" 67%),
ER*/PR*/HER2* ("Luminal B" 10%) ER/PR/HER2* ("HER2-enriched" 4%) and ER/PR/HER2 ("Triple
Negative" 11%). Treatment options vary between the different subtypes and the advancement of the
disease at the time of diagnosis. In general earlier detections leads to better outcomes and patients with
luminal subtypes have a better and triple-negative BCa patients have a worse prognosis (Howlader et al.,

2018).



In 2018 an estimated 1.3 million men were newly diagnosed with prostate cancer (PCa) (Ferlay et
al., 2019). However, autopsy studies hint at an even higher prevalence (up to 59% of men over 80 years
present with PCa after non-cancer-related death). This shows that PCa is often not detected and
progresses slowly enough to not shorten or reduce the quality of life of those patients (Bell et al., 2015).
Younger patients (<65 years) and patients with a fast progressing PCa have been found to have a significant
increase in life expectancy with treatments like prostatectomy, and androgen deprivation. On the other
hand older patients and patients with a very slow-growing PCa may benefit from a “watchful waiting”
approach in combination with androgen deprivation but without prostatectomy, in order to reduce the

impact on the quality of life (Bill-Axelson et al., 2014).

Despite their different organ of origin both BCa and PCa are prone to form metastases in bone. Nearly 70
% of BCa patients that died of their disease showed metastases in their bones (Walther, 1948) and over
90% of men that died with non-lymphatic PCa metastasis, had bone metastasis (Bubendorf et al., 2000).
The high rate of organ specificity of different cancers had been noted already 130 years ago by Sir Stephen
Paget and was confirmed by many others (Peinado et al., 2017). The systemic spread of cancer cells from
the primary tumor starts, when cancer cells gain access to blood vessels. They enter the bloodstream and
become circulating tumor cells (CTCs) that spread to new organs where they exit the circulation and settle

as disseminated tumor cells (DTCs).

Many mechanisms leading to organotropism of cancer cells to the bone have been found in the last
decades. Interestingly they are some of the same mechanisms that hematopoietic stem cells (HSC) utilize
to home to the bone and will be described further in the chapter “1.2.4 Homing and establishment of HSCs

and DTCs in the HSC niches”

In many cases, DTCs can be detected in the bone marrow (BM) at the time the patient is diagnosed with
cancer, e.g. in a meta-analysis between 25% (tumor grade pT1, <2 cm tumor diameter) and 38% (tumor
grade pT3, 2-5 cm tumor diameter) of BCa patients had DTCs in their bone marrow (Braun and Naume,
2005). Similarly in BCa patients, where no distant metastasis was known at the time of diagnosis, DTCs
were found in bone marrow aspirates that were taken before surgery and at follow up exams, up to ten
years after the primary cancer treatment (Schmidt-Kittler et al., 2003). Indeed it was found by others that
many DTCs that settle in the hematopoietic stem cell (HSC) niche in the bone marrow, do not form a
growing metastasis at once (Klein, 2011). Instead, they stay in a non-proliferative or dormant state which

is induced by factors in the HSC niche microenvironment and will be described in detail in chapter “1.2.5



Dormancy”. In the dormant DTCs, the cell cycle rests and they can stay in this state for several years and
even decades (Sosa et al., 2014). The HSC niche protects them from environmental stress, including
chemotherapeutic agents, and supports their survival (Carlson et al., 2019). Also, dormancy itself makes
treatment with chemotherapeutics not effective, as chemotherapy targets only proliferating cells. While
it was shown that dormant DTCs can reenter the cell cycle and proliferate when there are changes in the
microenvironment (e.g. angiogenesis) (Lu et al., 2011; Ghajar et al., 2013), the detailed mechanisms

behind the reawakening of dormant cells are still not fully understood.

1.2.3 The vicious cycle of bone metastasis

Once the DTC resume proliferating and metastasis growth begins, a self-reinforcing progress is initiated.
Cancer cells in bone release factors that lead to an increased activation and proliferation of osteoclast
precursor cells. The resulting increase in osteoclast number causes bone resorption and the release of
growth factors and calcium ions that were enclosed in the bone matrix. Those factors stimulate the growth
of the tumor further, leading to even more osteoclast activation and the “vicious cycle” of bone metastasis

begins (Kingsley et al., 2007).

In healthy individuals, a constant resorption and production of bone ensures that the skeleton can adapt
rapidly to environmental strains like exercise. Hormones and or osteoblast signaling direct osteoclast
progenitor cells to sites of future bone resorption. An activation by receptor activator of NF-kB ligand
(RANKL) and colony-stimulating factor 1 (CSF-1) leads to a differentiation of osteoclast progenitor cells to
multinucleated mature osteoclasts. After their formation, the osteoclasts are then beginning to resorb
bone. They leave a demineralized collagen matrix that is then removed by cells of a not yet defined lineage
that resemble macrophages. Osteoblasts are then attracted by TGF-B, insulin-like-growth-factor 1 (IGF-1),
interleukin-2 (IL-2), and possibly sphingosine 1-phosphate and ephrin-B2, to start bone formation and

replace the old bone (Raggatt and Partridge, 2010).

Cancer cells in the bone have been found to express a variety of factors like IL- 1, -6, -8 and -11, Jagged1,
tumor necrosis factor (TNF) and parathyroid hormone-related protein (PTHrP) which directly or indirectly
lead to increased bone resorption by osteoclasts (Weilbaecher et al., 2011). For example, it was found that
in bone metastasis derived MDA-MB-231 BCa cells, that have a higher affinity to form bone metastases,

IL-11 was expressed more than in the parental MDA-MB-231 cells or other subpopulations of MDA-MB-
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231 and overexpression of IL-11 and osteoprotegerin (OPN) was able to increase bone metastases and
osteolysis in a BALB/ c-nu/nu nude mouse model (Kang et al., 2003). Also, a sub-clone of the BCa cell line
MDA-MB-231 which was more likely to form bone metastases expressed higher amounts of IL-8 (Bendre
et al., 2002). This is congruent with the observation that IL-8 and IL-11 leads to an increased expression of
RANKL in osteoblasts and subsequently an increased osteoclastogenesis and bone resorption (Bendre et

al., 2003; Zhang et al., 2009).

Another important factor is parathyroid hormone-related protein (PTHrP) which induces the production
of RANKL by osteoblasts and therefore can increase bone resorption (Esposito et al., 2018). In a study on
BCa patients PTHrP was found to be expressed in 90% of bone metastases but only in 17% of metastases
that were not located in the bone (Powell et al., 1991) and a study of PCa patients found that 50% of PCa
patient’s bone metastases expressed PTHrP (Bryden et al., 2002; Kohno et al., 1994). In a mouse model of
BCa Guise and coworkers could prevent bone metastases and osteolysis with a PTHrP binding Ab (Guise
et al., 1996). Together these and other studies implicate PTHrP as an important factor in the progression

and development of bone metastasis.

Increased bone resorption by cancer cells leads to a release of transforming growth factor-beta (TGF-B),
IGF-1, and IGF-2 that were embedded in the bone matrix as well as Ca%* ions (Fournier et al., pp. 16 2015).
IGF-I plays an important role in metastases by supporting cell proliferation, angiogenesis, and protection
from apoptosis. Immunohistochemistry on patient samples from bone metastases show a strong
expression of the IGF-I receptor and IGF-I was able to stimulate cancer cell growth in vitro while an IGF-|
binding Ab blocked the increased proliferation. In an in vivo model, a dominant-negative form of the IGF-

| receptor in BCa cells led to a significant reduction in osteolysis (Hiraga et al., 2012).

TGF-B was shown to induce proliferation, invasion, metastasis, angiogenesis, and immunosuppression in
cancer cells from the primary tumor and also in bone metastases (Janssens et al., 2005). A dominant-
negative TGF-B receptor in the BCa cell line MDA-MB-231 leads to reduced osteolysis in a nude mouse
model while the constitutively active form of the receptor leads to increased bone resorption and
increased PTHrP production (Yin et al., 1999). Also, the activation of the calcium-sensing receptor in PC-3
PCa and MDA-MB-231 BCa cells did not only increase the proliferation of those cells but also lead to an

increase of PTHrP expression (Sanders et al., 2000, Sanders et al., 2001).
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Together those different pathways lead to mutual (cross-) activations that feed a forward loop, where
bone resorption and cancer cell growth drive each other. Therefore this process is termed the “vicious
cycle” of bone metastases. As a result (micro-) fractures, hypercalcemia, intractable pain, and paralysis

from nerve compression can occur and impact the quality of the patient’s life severely.

Over the years a variety of treatment options to slow metastasis progression and to alleviate fractures and
bone pain have been developed (Gdowski et al., 2017). For localized metastasis surgery and radiation
treatment may be suitable, while for multiple lesions, chemotherapy and anti-hormonal treatments can
be used. Radioisotopes like Strontium-89, Samarium-153, and Radium-223 are also utilized as they localize
to areas of high bone turnover. Bone resorption can be reduced with bisphosphonates like Zoledronic acid
that lead to apoptosis of osteoclasts, or denosumab, an antibody that targets RANKL and prevents

osteoclast formation (Gdowski et al., 2017).

However, all those drugs only minimize the effects of the bone metastases, rather than curing the patients
from the disease. Considering the early spread of tumor cells to the bone, and their entrance into
dormancy, the prevention of this process is futile. Three possible options to tackle dormant DTCs in the
bone could be considered: 1. Killing dormant DTCs while they are in dormancy. 2. Inhibition of dormancy
of the DTCs and destroy them while in a proliferative stage. 3. Inducing the dormancy of DTCs for the rest
of the patient’s life. So far none of those options could be realized satisfactorily (Ghajar, 2015; Giancotti,
2013). Therefore in order to develop a treatment, it is critical to understand the mechanisms of cancer cell

dormancy in the HSC niche to find a cure.

1.2.4 Homing and establishment of HSCs and DTCs in the HSC niches

HSCs in the HSC niches

Hematopoietic stem cells (HSCs) possess two main characteristics, which are their ability to differentiate
into any other blood cell type while at the same time keep their capacity for self-renewal. This is the ability
to give rise to identical daughter cells without differentiation into other cell types (Doulatov et al. 2012).
HSCs can divide symmetrically for self-renewal and to increase their number. For the proliferation into
blood cells, they divide asymmetrically resulting in the production of an HSC, identical to the mother cell,

and a hematopoietic progenitor cell (HPC). The HPC divides and differentiates further into more
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committed myeloid and lymphoid progenitor cells that eventually divide into blood cells. While HSCs are
only a small percentage of bone marrow (BM) cells (0.07% to 0.25% of BM mononuclear cells (Pang et al.,
2011) the division into a hematopoietic progenitor cell and a remaining HSC opens the possibility to expand
the number of progeny while the number of HSCs stays constant (Seita & Weissman, 2010). A small subset
of HSCs is quiescent and does not divide regularly. They serve as a reservoir of HSCs that can be activated
in case of injury or blood loss and afterward go back into a non-proliferative state or dormancy (Wilson et
al., 2008). HSCs reside in a specialized microenvironment or niche, which was first described in 1978, and
that retains HSCs in the BM, prevents their maturation, and enables symmetric division of HSCs (Schofield,
1978). Later it was found that the HSC niche can be subdivided into two subtypes: the vascular and the

osteoblastic HSC niches (Figure 2).

The vascular niche is supporting the proliferation and differentiation of HSCs (Kopp et al., 2005). It is also
responsible for the homing of HSCs from the blood system and other sites back to the niche through small
blood vessels in the BM. When HSCs are transplanted to lethally irradiated mice, they can home to the
HSC niche in a matter of hours and rescue the mice (Lapidot et al., 2005). Interestingly HSCs migrate from
and back to the BM niche during organ damage e.g. in liver and kidneys and support the regeneration in
those organs (Dalakas et al., 2005; Stroo et al., 2009).HSCs will be attracted back to the BM is by the binding
of C-X-C motif chemokine 12 (CXCL12) (also known as stromal cell-derived factor 1 (SDF1)) to its receptor
CXCR4. CXCR4 knock out via Cre-lox in mice results in embryonic lethality and embryos showed impaired
myelopoiesis in the bone, while myeloid development in the liver was not affected, which indicated the
importance of CXCR4 for HSC and bone marrow development (Zou et al., 1998). In vitro CXCR4 increased
migration of CD34* human HSCs towards CXCL12 in a transwell assay while blocking CXCR4 on CD34*
human HSCs with an antibody, reduced the engraftment of HSCs in the BM of NOD/SCID mice (Peled,
1999). In humans and mice, small molecule inhibitors of CXCR4 (such as AMD3100, T140, and T134) can
mobilize HSCs from the bone marrow into the circulatory system (Hoggatt and Pelus, 2011). In the clinic
AMD3100 (in combination with G-CSF) has been FDA approved to mobilize HSCs out of the HSC niches,
which can then be harvested and used for autologous transplantation in patients with Non-Hodgkin’s
Lymphoma or multiple myeloma. Additional uses against other cancers are not yet approved but are

considered (De Clercq, 2019).
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Figure 2: Schematic of the HSC niches in the BM. Osteoblasts can release factors like CXCL12 that attract HSCs
expressing the CXCR4 receptor, from the circulatory system. Osteoblasts also present binding proteins like N-
cadherin and ANXA2 that can be bound by N-cadherin and the ANXA2 receptor, respectively. Signaling through
Jagged/Notch can provide proliferative signaling while low oxygen pressure and osteoblast secreted ANGPT1 and
CXCL12 provide and support dormancy signals to HSCs. SCF signaling can mobilize HSCs from the osteoblastic niche
to the vascular niche.

HSCs can migrate from the vascular niche towards the osteoblastic niche which seems to primarily serve
as a “sedating” microenvironment for long term storage of HSCs. The hypoxic microenvironment of the
osteoblastic niche protects HSCs from reactive oxygen species (Harrison et al., 2002), and interestingly also
leads to an expression of CXCL12 in osteoblasts (Devignes et al., 2018). Osteoblasts and bone marrow
stromal cells express the Notch ligand Jagged1 and a Jagged/Notch interaction seems to be responsible
for an increase in the HSC number (Calvi et al., 2003). However, over time Notch signaling was associated
not only with HSC expansion but also with long term maintenance of HSCs numbers. A disruption in Notch
signaling led to myeloproliferative disease in several studies (Lampreia et al., 2017). Long term HSCs are

anchored to osteoblasts by proteins such as N-cadherin (Arai et al., 2012) and annexin A2 (ANXA2) and its
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receptor (ANXA2R) (Jung et al., 2007). CXCL12 secreted by osteoblasts is not only a chemoattractant but
it is also responsible for the quiescence of HSCs. In a murine model, treatment with CXCL12 increased the
number of HSCs in Go arrest. In HSCs that were CXCR4 deficient, the inhibitory effect of CXCL12 on the cell
cycle was prevented (Nie et al., 2008). Additionally, osteoblasts are the main source of angiopoietin 1
(ANGPT1) in the bone, and signaling of ANGPT1 on the tyrosine kinase TIE2 induced a cell cycle arrest and
enabled HSCs to keep their long term repopulation ability (Arai et al., 2004). Interestingly ANGPT1 signaling
also increased the expression of N-cadherin and the integrin B-1 which are involved in binding to

osteoblasts in the niche (Arai et al., 2004).

HSCs are mobilized out of the HSC niche in the presence of Stem Cell Factor (SCF), also called soluble Kit
ligand (sKitL). SCF is released by matrix metalloprotease 9 (MMP9) and MMP9 absence in MMP-97/~ mice
resulted in impaired HSCs, which caused the failure of hematopoietic recovery after lethal irradiation and
an increase in mortality of mice (Heissig et al., 2002). Interestingly Ding et al. (2012) could show that the
most important source of SCF are endothelial cells in the vascular niche. With an SCF-GFP knock-in mouse
model Scf>e) they showed that mainly endothelial cells in the BM express SCF while SCF deficient mice
Scfle™/e®) died perinatally, with severe anemia. A conditional knock out of SCF with a Cre-Lox system, in a
C57BL mouse background, in osteoblasts (via Col2.3-Cre), or Nestin* mesenchymal stem cells (via Nestin-
Cre) did not affect HSC maintenance. On the other hand, a deletion of SCF from endothelial cells (via TIE2-

Cre or Lepr-Cre) resulted in the loss of most HSCs in the BM (Ding et al., 2012).

DTCs and the HSC niches

HSC maintenance and proliferation are tightly controlled and interestingly DTCs can use several pathways
similar to the ones in HSCs, to colonize and inhabit the HSC niche. For example, CXCR4 expression in tumors
of BCa patients was associated with a significant decrease of metastasis-free time and an increase of bone
metastasis (Hung et al., 2014). Others found in a bone metastasis model with athymic mice that GFP
labeled MDA-MB-231 were found significantly less in the bones and lungs when CXCL12-CXCR4 signaling
was competitively inhibited, when the mice had been treated with CTCE-9908, a peptide analog of CXCL12
(Richert et al., 2009). Similarly, Kang et al. (2003) found that CXCR4 overexpression in MDA-MB-231 cells
increased the bone metastasis burden compared too parental MDA-MB-231 in BALB/c-nu/nu nude mice.
Also, CTCs from PCa are attracted to CXCL12 and an inhibition of CXCR4 with antibodies in mice reduced

PCa bone metastasis burden significantly (Sun et al., 2005).
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PCa cells can establish themselves in the HSC niche by binding to ANXA2 expressed by osteoblasts. An
inhibition of ANXA2 with antibodies or competitive inhibition by a small peptide with the first 12 N-
terminal amino acids of ANXA2, led to a decrease of PCa metastases in a mouse model (Shiozawa et al.,
2008). Additionally, it was observed that PCa cells were even able to drive the HSCs out of the HSC niche,
by competing for binding to ANXA2 (Shiozawa et al., 2011). Similarly, it could be shown that GFP labeled
triple-negative BCa cells were able to compete with HSCs for the attachment to N-cadherin on osteoblasts
in vivo. After attachment to N-cadherin on osteoblasts, BCa cells lost Ki-67 proliferation marker expression

in vitro, indicating a cell cycle arrest (Capulli et al., 2019).

This shows that once DTCs have established themselves in the HSC niche, they can, again similar to HSCs,
enter a state of dormancy. A variety of other factors that induce HSC dormancy, such as bone morphogenic
protein-7 (BMP7) and growth arrest-specific protein 6 (GAS-6) were also found to induce dormancy in
DTCs. However in some patients, not yet fully understood or identified mechanisms can lead to a

reawakening of dormant DTCs and a cancer relapse in the form of bone metastasis can occur.

1.2.5 Dormancy

Cellular dormancy has been described extensively in HSCs and is defined by a cell cycle arrest in the Go
phase and a reduced metabolism. Induced by various factors this state protects HSCs from reactive oxygen
stress (Kocabas et al., 2012), DNA damage (Bakker and Passegué, 2013) and therefore enables them, to
serve as a reservoir for blood- and immune-cells, throughout the life of an organism. For cancer cells that
have left the primary tumor to a distant organ, a state of dormancy can also occur. However, besides
dormancy on a cellular level two other kinds of dormancy, or apparent dormancy, have been described.
Micrometastatic dormancy appears when the proliferation rate and apoptosis rate of the metastatic cells
are in an equilibrium. Therefore there is no tumor growth, despite a proliferation of cancer cells. The
second kind is angiogenic dormancy, in which a growing tumor fails to release enough pro-angiogenic
factors to activate angiogenesis and subsequently cannot acquire enough oxygen and nutrients to grow
further (Klein, 2011). In the case of cellular dormancy, the definition follows that of HSCs in which DTCs

show an arrest in the Go phase of the cell cycle and a reduced metabolism.
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Dormant cancer cells can be found in most organs

Considering that dormant DTCs pose a risk of relapse and evade current treatments new ways to target
them are urgently needed. Yet their characteristics make them difficult to detect and study. The first
obstacle is that through their dormant state and small size, detection by CT, PET-CT, MRI, or other imaging
procedures, is not yet possible (Schuster, 2015; Van Reeth et al., 2012). On the cellular level DTCs of
carcinomas maintain the expression of epithelial markers (cytokeratin and EpCAM) and can therefore not
be detected by epithelial markers in organs where cells have an epithelial phenotype. However, in the
bone marrow and lymphatic system, which consist of cells with a mesenchymal nature, DTCs can be
detected through immunohistochemistry against cytokeratins or EpCAM (Weinberg, p. 652 2014).
Although the detection of DTCs in organs other than bone and lymphatic organs is often difficult it does
not mean that those organs are not colonized. For example, it was shown in a mouse model of BCa that
DTCs can find their way into most organs (Suzuki et al., 2006). When MDA-MB-435 human BCa cells derived
clones, were GFP labeled and inoculated in mice, single DTCs were found in the lungs, lymph nodes, spleen,
and liver without developing macroscopic metastasis. Additionally, the used cell lines had previously not
produced detectable metastases in these organs. This indicated that DTCs seem to spread (or “seed” as
Paget coined) to most organs but not every microenvironment (the “soil”) is suitable for them to grow
(Suzuki et al., 2006). Naumov et al. (2003) were able to show that liver metastasis from mouse BCa cells,
in immunodeficient (SCID) mice, could be significantly reduced with the chemotherapeutic doxorubicin,
after 5 doses over 10 days (Naumov et al., 2003). However single solitary cells (fluorescently labeled with
nanospheres before injection) had survived the treatment. After 57 days new metastasis had formed in
the liver and there was no difference in the number of metastasis between mice that had received
chemotherapy or not. This indicated that dormant DTCs are not affected by chemotherapy and the relapse
risk is not reduced by chemotherapy. These observations are supported by findings in the clinic, where it
was found that cancer cells could be transplanted with donor organs (e.g. heart, kidneys, and liver) despite
the donor patients were either never diagnosed with cancer or, in the case of some melanoma patients,
the original cancer had been treated successfully 16 years ago (Klein, 2011). These examples show that
DTCs can be dormant and present in many organs and they also show that dormant DTCs are resistant to

chemotherapeutic treatment.

In recent years more and more signals that induce dormancy in DTCs were discovered. For
example, in a study from Ghajar et al. (2013), it was found that DTCs from BCa can enter dormancy in the

vicinity of microvasculature in the lungs and the bones of mice. Dormancy was induced through
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thrombospondin-1 expression by the vessel endothelium. In vitro dormancy could be induced by
thrombospondin-1 in a dose-dependent manner in HMT-3522-T4-2 (T4-2) BCa cells while in vivo, in a
Zebrafish model, sprouting of neovasculature accelerated MDA-MB-231 BCa cell growth and ended BCa
dormancy. This indicated that changes in the microenvironment, like angiogenesis, can re-start the

proliferation of DTCs.

Dormant cancer cells in the bone

In the case of DTCs in the bone, it became clear that some of the dormancy inducing factors had already
been identified in HSCs, where they also induce dormancy. For example bone morphogenic protein 7
(BMP7) was found to maintain the un-proliferated state of HSCs in vitro (Bhatia et al., 1999). For PCa stem-
like cells it was found that treatment with BMP7 suppresses their growth in bone. When BMP7 was
suppressed by shRNA, in human stromal cells in mouse tibiae, tumor cells that had been injected in the
same bone restarted proliferating. These findings were further supported by clinical data from patient
samples: the expression of the bone morphogenic protein 7 (BMP7) receptor BMPR2 was found to be
inversely correlated with the reoccurrence of PCa. This suggests that PCa cells that are insensitive to BMP7
have a shorter dormancy step, leading to faster development of metastases and cancer recurrence

(Kobayashi et al., 2011). Together these findings support a role of BMP7 in HSC and DTC dormancy.

Another effector that was shown to lead to cell cycle arrest in HSCs is the growth arrest-specific protein-6
(GAS6) (Avanzi et al., 1997). It is a ligand of the receptors AXL, TYRO3, and MER of the tyrosine kinase
receptor family and is secreted by osteoblasts. In PCa cells GAS-6 inhibited growth in vitro and the binding
to the osteoblastic ANXA2 induced the expression of AXL, the GAS-6 receptor, in PCa cells in a murine
model (Shiozawa et al., 2010a). Another study found that PCa cells were more likely to form metastases
and proliferate in the absence of GAS6 than in the presence of GAS6. The measured level of GAS6 in mice
was higher in humeri than in femora, which is consistent with the observations that femora had
metastases in them more often than the humeri (Jung et al., 2012). Interestingly the outcome of GAS6
signaling in PCa DTCs is dependent on the expression of different receptors. When the receptor AXL is
expressed, PCa cells are quiescent but when TYRO3 is expressed, the cells grow rapidly (Taichman et al.,
2013). This suggests that the binding of cancer cells to osteoblasts and ANXA2 in the HSC niche can induce
a feed-forward loop that helps to induce dormancy. It also suggests that a change in the GAS6 receptor

expression could play a role in awakening dormant PCa cells in the HSC niche.
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In HSCs deregulated Notch signaling can lead to myeloproliferative disease which indicates that Notch is
important in HSC maintenance (Lampreia et al., 2017). In BCa cells it was shown that a high Notch
expression induced a more stem-like phenotype (indicated by higher expression of SCA-1, CD34, and
CXCR4) and induced a dormant phenotype when cells were close to osteoblasts expressing N-cadherin,

and showed a resistance to the chemotherapeutic doxorubicin in vivo (Capulli et al., 2019).

Another important pathway for inducing dormancy in HSCs is ANGPT1/TIE2 (Arai et al., 2004) which will
be described in detail in the following chapter. Interestingly it was found that, similar to other dormancy
inducing factors in the HSC niche, also ANGPT/TIE2 signaling can induce dormancy in PCa cells and

increased the resistance to the chemotherapeutic cabazitaxel (Tang et al., 2016).

Overall those publications show that DTCs can enter dormancy in a variety of organs, including the bone
marrow. In this state they are difficult to detect and may lay dormant for decades before they resume
their growth, leading to metastasis. At the same time, dormancy makes them much more resistant to
chemotherapeutics and this prevents an eradication of DTCs while patients undergo primary

chemotherapy. Therefore those cells pose a relapse risk.

1.2.6 TIE2 and ANGPT1

TIE2 was first described in 1992 as a putative tyrosine kinase expressed in endothelial cells (Dumont et al.,
1992). Subsequent studies showed that in humans, the tyrosine kinase TIE receptor family consists of the
receptors TIE1 and TIE2 and the angiopoietin ligands ANGPT1, ANGPT2 and ANGPT4. Upon ligand binding,
TIE2 can form a homodimer that will go through autophosphorylation and activation of the downstream
effector cascade. TIE2 can also form a heterodimer with TIE1 that inhibits the interaction between TIE2
and ANGPT1 and thus TIE1 works as an antagonist. ANGPT1 is the agonist of TIE2 and ANGPT2 can be both
an agonist and antagonist of TIE2. ANGPT3 is the mouse homolog of human ANGPT4 (Valenzuela et al.,
1999) and its effect seems to be context-dependent either promoting or inhibiting TIE2 signaling (Huang
et al., 2010).

TIE2 is mainly expressed in endothelial cells and HSCs (Arai et al., 2004; Kopp et al., 2005; Schnurch and
Risau, 1993). During embryogenic development TIE2 expression is under the control of the ER71 and the

forkhead Box C2 (FOXC2) transcription factors that can bind to highly conserved FOX:ETS motif in the
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promoter region of TIE2, while in later development sustained ER71 expression in TIE2* cells leads to
abnormal vascular development (Park et al., 2013). In HSCs TIE2 expression is partially regulated by the
ER71 transcription factor. A knock out of ER71 in hematopoietic tissue in mice, and subsequent microarray
gene expression analysis, showed a significant down-regulation of TIE2, however, on the protein level,
there was only a minor difference in the presence of TIE2, indicating that other transcription factors must
be involved as well (Lee et al.,, 2011). In endothelial cells like human umbilical vein endothelial cells
(HUVEC), TIE2 transcription was significantly reduced when the transcription factor GATA3 was knocked
down with shRNA, indicating an indispensable role for GATA3 in the expression of TIE2 in endothelial cells

(Song et al., 2009).

Recently Leppéanen et al. (2017) have resolved the crystal structure of the dimerized fibronectin type I
(FN) 3 domains of TIE2 (Figure 3 A). Together with the previously published structure of bound ANGPT1
and ANGPT2 on the ligand-binding domain (LBD) (Barton et al., 2006; Yu et al., 2013) a complete model of
TIE2 dimerization upon ANGPT binding was proposed. ANGPT1 forms multimers (Kim et al., 2005) which
can bind to the receptor-binding domain (RBD) of two adjacent TIE2 monomers. This brings the TIE2
monomers close enough to dimerize and activate phosphorylation (Figure 3 B). In contrast, it was found
that ANGPT2 usually forms dimers that can bind to the RBD of a TIE2 monomer, but the ANGPT2 dimer
cannot bind two TIE2 monomers at once. Therefore the TIE2 monomers are not close enough to dimerize
(Figure 3 B). Thus bound ANGPT2 works as a competitive inhibitor for ANGPT1. Nevertheless, in rare cases,
higher-order multimers of ANGPT2 can form, and thus ANGPT2 also can work as a weak agonist of TIE2,
as the observations by Lobov et al. (2002) and Mazzieri et al. (2011) showed. In addition to forming dimers,
TIE2 is also able to form multimers through a multimerization site on the FN 2 domain (Figure 3
A)(Leppéanen et al., 2017). Interestingly, the multimerization seems to be important for activation of TIE2
by ANGPT1. A point mutation of leading to the change of Tyrosine 611 to Cysteine in the FN2
multimerization domain, leads to haploinsufficiency and primary congenital glaucoma. The same mutation
in vitro prevented ANGPT1 mediated clustering of TIE2 and its localization to cell-cell junctions in
endothelial cells which hints at the disease mechanism, yet the exact mechanisms are still not clear

(Leppénen et al., 2017).
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Figure 3 Crystal structure of TIE2 dimer and dimerization upon ANGPT1 binding. A: Combined structure of the TIE2
LBD and the dimerized FN domains. The ANGPT1 binding domain in red, the rest of the extracellular domain in blue
and yellow: Fibronectin like domain B: left: ANGPT2 forms dimers that bind the receptor domain of TIE2 but cannot
bring another TIE2 monomer close enough for dimerization. This competitively inhibits ANGPT1 binding and
dimerization of TIE2. Right: ANGPT1 forms multimers that can bind two or more TIE2 receptor domains and bring the
TIE2 monomers close enough together to dimerize (modified from Leppéanen et al. 2017).

In endothelial cells, TIE2 signaling is important in maintaining vessel integrity and angiogenesis. Pericytes
covering the outside of blood vessels release ANGPT1 which activates TIE2 in a paracrine manner (Fagiani
and Christofori, 2013). In endothelial cells with cell-cell contact, TIE2 can be activated in trans by ANGPT1
binding to two or more TIE2 monomers on cells that are close to each other. ANGPT1 also strengthens
PECAM-1 and VE-cadherin mediated cell-cell adhesions between neighboring endothelial cells and reduces
vascular leakage (Fukuhara et al., 2010). The downstream signaling of ANGPT/TIE2 through PI3K, AKT, and
inhibition of the FOXO1 transcription factor, up-regulation of survival factor survivin, as well as suppression
of NFkB activity, leads to resistance to apoptosis signals and cell survival in endothelial cells
(Papapetropoulos et al., 2000; Tadros et al., 2003). Interestingly without cell-cell contacts, extracellular
matrix-bound ANGPT1 can induce migration and proliferation of endothelial cells through the ERK
signaling pathway (Fukuhara et al., 2010). Besides the interaction with TIE2, ANGPT1 was shown to be able

to interact with the integrin a5B1, enabling endothelial cell survival under low ANGPT1 concentrations,
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and induction of angiogenesis in vivo. A cross-talk between a5B1 and TIE2 was observed in the presence

of fibronectin in vitro (Cascone, et al., 2005).

ANGPT2 is produced by endothelial cells and activates TIE2 in an autocrine manner. A rapid release of
ANGPT2, from storage granules in endothelial cells, can occur through the activation of Ca?* channels in
HUVECs (Fiedler et al., 2004). ANGPT2 was found to lead to the detachment of pericytes on the outer side
of blood vessels and this enables migration and proliferation of endothelial cells during the angiogenic
process (Fagiani and Christofori, 2013). In the absence of VEGF, ANGPT2 leads to endothelial cell death
and blood vessel regression (Lobov et al., 2002). Interestingly ANGPT2 also has been reported to interact
with integrin avB3. The addition of ANGPT2 to endothelial cells in vitro led to a complex formation of TIE2,
avB3 and focal adhesion kinase, which resulted in the translocation of B3 and TIE2 to cell-cell junctions,
whereupon a subsequent internalization and transport of B3 to the lysosome followed. Therefore
endothelial destabilization by ANGPT2 might be explained through a destabilization of cell-cell junctions
(Thomas et al., 2010)

Besides angiogenesis in healthy tissue, TIE2 also is an important factor in tumor angiogenesis (Huang et
al., 2010). Hypoxic areas in growing tumors induce the secretion of angiogenic factors including vascular
endothelial growth factor (VEGF) and ANGPT2. This promotes angiogenesis but the presence of ANGPT2
and VEGF inhibits the closing of cell-cell junctions and subsequently, pericytes cannot cover the forming
vessel. As a result, the vessel stays leaky and blood flow is disturbed. In addition, the leaky vessels can be
intravasated easily by cancer cells and as such, the chance to develop metastasis is increased (Huang et
al., 2010). For example, the inhibition of ANGPT2 with an antibody leads to inhibition of late-stage BCa
tumors, limited the dissemination of metastases, and the growth of established metastases in a murine
model of BCa (Mazzieri et al., 2011). Other studies found that increased ANGPT2 levels in the primary
tumor correlate with an increased metastatic and invasive potential in BCa, melanoma, and lung cancer (
Huang et al., 2010). Interestingly ANGPT2 can also interact with the Integrin B1 independently from TIE2
and activates cytoskeleton remodeling and destabilized intercellular junctions in endothelial cells. This also
increased the migration rate of lung cancer cells through the endothelial barrier and hints at the promotion

of cancer cell migration by ANGPT2, independently of TIE2 signaling (Hakanpaa et al., 2015).

Due to its importance in angiogenesis and tumor growth, the ANGPT/TIE2 pathway was recognized as a
worthwhile target for anti-cancer drugs. For example, the drug AMG386/trebananib is an anti-angiopoietin

peptibody, comprising a peptide with angiopoietin-binding properties that is fused to the Fc (crystallizable
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fragment) region of an antibody. It inhibits the interaction between the ligands ANGPT1 and ANGPT2 with
the TIE2 receptor. AMG386 showed tumor-inhibiting properties in nude mice with subcutaneous
xenografts of epidermoid and colorectal cancer (Oliner et al., 2004) and is currently in clinical testing, for
the treatment of various solid cancers, including breast and ovarian cancer (NCT00511459, NCT00807859,
and NCT01042379) (Neal and Wakelee, 2010). Also, several small-molecule inhibitors that also inhibit TIE2,
such as CEP-11981, ARRY-614, ACTB-1003, and DCC-2036, are under development or in clinical trials (Biel
and Siemann, 2016; Cortes et al., 2017). Reportedly the kinase inhibitor DCC-2036 (rebastinib) showed a
three times higher affinity for TIE2 than for the next similar tropomyosin receptor kinase A (TRKA). In a
PyMT BCa model rebastinib showed antitumor activity and significantly reduced tumor growth in an
FVB/NJ mouse background. In combination with the chemotherapeutic paclitaxel, rebastinib also
significantly reduced the formation of PyMT BCa metastases in the lungs compared to untreated or
paclitaxel treated control mice (Harney et al., 2017). DCC-2036 is currently investigated in several clinical
trials as a kinase inhibitor for solid cancers (NCT02824575, NCT03717415, and NCT03601897) (Chan et al.,
2011)

However TIE2 is not only necessary in angiogenesis, ANGPT1/TIE2 signaling is also a key factor in HSC
dormancy. Arai et al. (2004) showed that PKH26 labeled (fluorescent membrane dye) TIE2-expressing HSCs
did not lose the dye when grown with ANGPT1 in vitro, indicating that the cells did not divide. After
transplantation of ANGPT1 overexpressing BM cells in lethally irradiated mice, significantly more HSCs in
Go arrest were found in the bone marrow of mice with ANGPT1 overexpression, than in the control. On
bone sections, TIE2 expressing HSCs were found to be stem cells and attached to osteoblasts in the
osteoblastic niche in the bone marrow. Additionally, the ANGPT1 induced dormancy that protected the

HSCs from the chemotherapeutic 5-Fluorouracil (Arai et al., 2004).

Twelve years later, Tang et al. (2016) showed that TIE2 is also inducing dormancy in PCa cells. After flow
cytometry assisted cells sorting (FACS) they found that high TIE2 expressing cells, from the PCa cell line PC-
3, were entering dormancy significantly more often than low TIE2 expressing PC-3 cells. An addition of
recombinant ANGPT1 to PC-3 cells also increased the number of dormant cells significantly. When looking
at protein expression, ANGPT1 addition was leading to higher expression levels of stemness related
proteins CD49f/ITGa6 and Bmi-1, as well as the dormancy marker p27. High TIE2 expressing cells were also

significantly more resistant to the chemotherapeutic agent Cabazitaxel (Tang et al. 2016).
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Together these findings show that anti-ANGPT/TIE2 treatment could serve an important role in anti-
angiogenic therapy. However considering the many overlapping dormancy inducing pathways between
DTCs and HSCs, the dormancy inducing role of TIE2 in HSCs and PCa cells could imply that TIE2 inhibition
may lead to re-awakening dormant DTCs in the bone. To investigate the role of TIE2 in the dormancy of

BCa the following study was conducted.

1.3 Justification

Breast (BCa) and Prostate cancer (PCa) are two of the most common cancers worldwide. Although
improvements in treatments have been achieved, many patients still die from their disease. However, over
90% of cancer-related deaths are caused not by the primary tumor but due to metastasis. Metastasis
grows from cancer cells that left the primary tumor and settled in other organs also termed disseminated
tumor cells (DTCs). In particular, BCa and PCa are known to form bone metastasis that cannot be cured
and only treated symptomatically. After cancer cells have entered the bone they often do not form a
metastasis right away but stay in a non-proliferative state or dormancy. This protects them from
chemotherapeutics and radiotherapy and enables them to survive the treatment for the primary tumor.
Therefore dormant DTCs pose a constant relapse threat. Although the exact mechanisms by which DTCs
leave dormancy and grow into a metastasis are not fully understood several pathways were identified that
are involved. DTCs in the bone have been found to reside in a special microenvironment in the bone
marrow called hematopoietic stem cell (HSC) niche in which HSCs reside. Many factors that lead to the
establishment and dormancy of HSCs in their niche also attract and induce dormancy in DTCs of BCa and
PCa. The ANGPT/TIE2 signaling was found to induce dormancy in HSCs in vivo and PCa cells in vitro.
However TIE2 signaling is also important in vessel formation and angiogenesis, in normal physiological
processes, but also tumor development. Therefore anti TIE2 therapies have been developed and are
currently in clinical trials, in combination with chemotherapy. Considering the possible side effect of
inhibiting TIE2 induced dormancy, it is important to further understand the role of TIE2 in cancer cell

dormancy and bone metastasis.
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1.4 Hypothesis

Based on the previously found induction of dormancy in HSCs and PCa cells by TIE2, we hypothesize that
TIE2 induces dormancy in DTCs and protects DTCs from chemotherapy, inhibiting TIE2 signaling in DTCs in

the bone will release cancer cells from the dormant state and increases their chemotherapy sensitivity.

1.5 Aim

1.5.1 General aim

Characterize the role of TIE2 in cancer cell dormancy and bone metastasis in vitro and in vivo and evaluate

the effect of TIE2 and its inhibition on chemotherapy sensitivity.

1.5.2. Specific aims

Validate the clinical significance of TIE2 expression in patient data

Develop a model to test the effect of TIE2 on cancer cell dormancy and chemotherapy sensitivity

Inhibit TIE2 signaling and evaluate its effect on tumor cell dormancy and chemotherapy sensitivity

Evaluate the effect of TIE2 on dormancy and bone metastasis in vivo
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Chapter 2. Material and Methods

2.1 Datamining

The prognostic value of TIE2 mRNA expression in BCa patients was evaluated with the PROGgene database
version 2 (Goswami et al., 2014). This database allows the comparison of the disease outcome of cancer
patients based on the expression of a target gene (e.g. TIE2) in the primary cancer site using microarray
data that had been published by other researchers. The patients of a dataset are divided at the median
gene expression, into two cohorts, with a relatively high and relatively low gene expression, and Kaplan-
Meier survival curves with the clinical outcome of cancer patients are plotted. The significance of different
outcomes of the two cohorts is calculated by the web application using a log-rank test and the 95%
confidence interval for the hazard ratio (HR) is given. The HR describes the probability of an event
(metastasis, relapse, death) in patients in the high gene expression cohort divided by the probability of an
event in the low gene expression cohort. This means that an HR<1 represents a better prognosis for the
high gene expression cohort while an HR>1 represents a worse prognosis. For our analysis, we looked at
the three possible outcomes of metastasis-free survival time, relapse-free survival time and overall survival

time.

The expression of TIE2 in patient samples was queried with the help of the Oncomine database which uses
microarray gene expression data of healthy donor breast tissue samples and invasive breast carcinoma.
The gene expression data of both groups were compared using an unpaired Student’s t-test and a p-value
of 0.001 with a two-fold change in gene expression as cut off. The p-values and graphical representations

of the gene expression were created by Oncomine.

2.2 Cell culture

Mammalian cells were grown at 37 °C, 5% CO, in a humidified atmosphere using the growth media
preparations described in (Table 1). For sub-culturing cells were trypsinized with trypsin/EDTA solution
(0.05% Trypsin and 10 mM EDTA, Corning) at 37 °C. The reaction was stopped after 3 minutes (or when
cells started to detach) with the addition of complete growth medium. The cells were diluted between
1:10 to 1:4 with complete growth medium, depending on the cells line and seeded in a cell culture plate.

For long term storage, the cells were trypsinized as described previously and centrifuged at 800 g for 5
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minutes. The pellet was re-suspended in the corresponding growth medium with 5% (v/v) DMSO. Three
vials from one confluent 10 cm dish were frozen and 500 pul of freezing medium was used per cryo-vial.
HUVEC cells were centrifuged at 200g for 10 minutes while all other cells were centrifuged at 800 g for 5

minutes if not stated otherwise.

Table 1 Cell lines used with corresponding growth media and supplements

Cell line Growth medium Additives

MDA-MB-231
10% FBS (Biowest)

HEK 293T DMEM (Corning) 100 units/ml penicillin, 100 ug/ml streptomycin, 250 ng/ml
MCE-7 Amphotericin B (Corning)
T47D
PC-3
LnCAP RPMI (Corning) 10% FBS (Biowest) 100 units/ml penicillin,
DU145 100 pg/ml streptomycin, 250 ng/ml Amphotericin B (Corning)
C4-2B
471
BT-483 10% FBS (Biowest)
e RPMI (Corning) 0.8 pg/ml insulin, 100 units/ml penicillin,

100 pg/ml streptomycin, 250 ng/ml Amphotericin B (Corning)
10% FBS (Biowest)
MDA-MB-468 L-15 (Corning) 100 units/ml penicillin, 100 ug/ml streptomycin, 250 ng/ml
Amphotericin B (Corning)

HUVEC Primary cell basal medium Endothelial Cell Growth Kit-VEGF (ATCC)
(ATCC) 10 U/ml Penicillin and 10 pg/ml Streptomycin (Corning)

2.3 Sub-cloning

2.3.1 Obtaining the TIE2 coding sequence

The coding sequence of TIE2 was amplified from the IMAGE clone 5228999 (PlasmID Repository)
(pSPORT6-hTIE2) using the Q5 High-Fidelity DNA Polymerase (NEB) in a PCR with the primers TIE2 clo fw
(5'- TTAGTGAACCGTCAGATCCGCTAGCATGGACTCTTTAGCCAGCTTAG -3’) and TIE2 clo rev (5'-
CCATTTGTCTCGAGGTCGAGAATTCCTAGGCCGCTTCTTCAGCAGA -3’). For sub-cloning the TIE2 and eGFP
sequence in the pCW-Cas9 plasmid (a gift from Eric Lander and David Sabatini (Addgene plasmid #50661))
with  an inducible Tet-ON promoter, PCRs with the primers pCW-clo fw (5'-
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CAGATCGCCTGGAGAATTGGAACCGTCAGATCCGCTAGC -3’) and pCW-clo rev (5'-
TACCGTCGACTGCAGAATTCTATTTGTCTCGAGGTCGAGAATTC-3’) for TIE2 and eGFP were performed on
pLIM1-hTIE2 and pLJM1-eGFP respectively. The subcloning of the TIE2 coding sequence in the pCW57.1

backbone was confirmed using the primers pCW-clo fw and ghTIE2-rev (Table 2).

2.3.2 Gibson assembly

For the construction of plasmids, Gibson assembly was used. Gibson assembly utilizes a 5’ exonuclease, a
polymerase, dNTPs and a ligase to integrate a DNA fragment with overlapping, identical ends into a
backbone vector. The 5" exonuclease is degrading the 5’ ends of both the backbone and the insert. The
overlapping ends can then anneal and the polymerase synthesizes the degraded sequence. In the end, the
ligase seals all nicks and the final plasmid can be transformed. We used the Gibson Assembly® Master Mix

(NEB) after the manufacturer’s instructions.

To generate the pLIM1-TIE2 plasmid, the pLIM1-eGFP plasmid was digested with EcoRI (NEB) and Nhel
(NEB), run on a 1% Agarose gel, and the backbone pLUM1 was extracted from the gel using the GenElute
kit (Sigma-Aldrich) according to manufacturer's instructions. The TIE2 coding fragment was obtained from
the pSPORT6-hTIE2 plasmid by PCR. The Gibson assembly was done in a 10 uL reaction with a 1 to 3 ratio
of backbone to insert (0.055 pmol pLJIM1 and 0.173 pmol hTIE2). After 15 minutes of incubation at 50 °C,
1uL of the reaction mix was transformed in chemo competent 5-a Competent Escherichia coli (NEB)

according to the provided protocol.

For the subcloning of TIE2 and eGFP in the pCW57.1 backbone, the plasmid pCW-Cas9 was digested with
EcoRl and Nhel run on a 1% Agarose gel and the backbone pCW57.1 was extracted from the gel using the
GenElute kit (Sigma-Aldrich). Using the TIE2 and eGFP fragments obtained by PCR from pLJM1-TIE2 and
pLIM1-eGFP and the pCW57.1 backbone, the Gibson assembly was done as described before.

Chemocompetent E. coli (5-alpha competent, NEB) were transfected with 1 pl of the Gibson Assembly
reaction mix using heat shock (1 minute, 41 °C) and incubated overnight on carbenicillin (100 pg/ml) LB
agar plates. Several E. coli colonies were picked and plasmid candidates were grown overnight in LB
medium with carbenicillin (100 pg/ml). Plasmids were purified using a plasmid miniprep kit (Sigma-Aldrich)
according to manufacturers’ instructions. The successful sub-cloning of TIE2 in the pLJM1 backbone was

confirmed with a test digestion of candidate plasmids with BamHI and subsequent sequencing by the
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company GENEWIZ, using Sanger sequencing. The correct insertion of TIE2 in the pCW57.1 backbone was

confirmed with a colony PCR using the primers pCW-clo fw and pCW-clo rev.

2.4 Transduction

To transduce PC-3, MDA-MB-231, MCF-7, and 4T1 cells to overexpress TIE2 or eGFP as control, a third-
generation lentiviral system was used. Third generation lentiviral systems use four plasmids to produce
the final virus particle, two plasmids for the packaging of the DNA (pLP1 and pLP2), one for the virus
envelope (pMD2-G) and one coding for the sequence that is to be transfected with the lentivirus, thus
having a higher biosafety level through reducing the probability of spontaneous recombination of the

three packaging plasmids into one.

To produce the lentiviral particles, HEK 293T cells in the wells of a 24 well plate were transfected with 750
ng of a plasmid mix and 2.625ul of Fugene (Promega, ratio of 7 ug DNA to 2ut Fugene) or 1.5 pl
Lipofectamine 2000 (Thermo Fisher Scientific, ratio of 1 ug DNA to 2l Lipofectamine 2000) per 500 pl cell
growth medium. The plasmid mix consisted of equimolar quantities of the packaging plasmids pLP1
(coding the gag and pol proteins), pLP2 (coding HIV-1 rev protein), the envelope plasmid pMD2-G (coding
the VSV G glycoprotein) and the transfer plasmid pLIM1-TIE2/pLIM1-eGFP or pCW-TIE2/pCW-eGFP
(coding for human TIE2 or eGFP). To evaluate if the transfection had been successful pLJIM1-eGFP was used
as a positive control during transfections and eGFP* HEK 293T cells were analyzed 48 hours after
transfection by fluorescence microscopy using a Floid Cell Imaging System (Life Technologies). The
lentiviral particles from the supernatants from 48 and 72 hours after transfection were pooled and used
for direct transduction of the target cells in a 24 well plate with 500 pul of supernatant per well and addition
of Polybrene (8ug/ml final concentration). After 3 days the expression of eGFP in pLIM1-eGFP transduced
cells was evaluated by fluorescence microscopy and flow cytometry (FCM), and the cells were transferred
in Puromycin-containing medium for selection. For cells with a doxycycline (Dox) inducible gene, the gene

expression was induced with 1 ug/ml Dox for 48 hours before analysis with FCM.
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2.5 Flow Cytometry

We detected the expression of TIE2 in cancer cells as well as in cancer cells transduced to overexpress TIE2
or GFP with flow cytometry (FCM). To obtain a cell suspension from proliferating cells in culture, cells were
trypsinized and counted. For staining 2x10° cells were transferred in 50 pl FACS buffer (1xPBS, 5% FBS,
Corning) and incubated (15 min at 4°C in the dark) and either 100 ng or 400 ng of an antibody binding
human TIE2/CD202b conjugated with phycoerythrin (PE) or alexa fluor 647 (AF647)(clone 33.1, Biolegend),

was added per sample.

The cells were then incubated further (30 minutes at 4°C in the dark). Afterward, 1 ml of FACS buffer was
added and cells were pelleted by centrifugation. A washing step with 1 ml of FACS buffer was followed by
resuspension of the cells in 300 ul of FACS buffer and the cells were kept on ice in the dark until the
analysis. For the detection of eGFP expressing cells, the cells were trypsinized, as described before,

resuspended in 300 pl complete growth medium and analyzed directly.

For FCM analysis an Attune Acoustic flow cytometer (Thermo Fisher Scientific) was used. To only analyze
single cells, first singlets were chosen (Figure 4 A). For this, the FSC height was plotted against the area,
and events were chosen that showed a linear increase of height and area. Those events were labeled as
singlets 1 and used in a derived density plot with SSC height plotted against the SSC area. Events that
showed a linear increase of height and area were then labeled as singlets 2. Singlet 2 events were plotted

in a density plot with the SSC area plotted against the FSC area.

The FSC and SSC channel sensitivity was chosen by adjusting the voltage of those channels so that a
population of events with a linear increase of SSC area and FSC area would appear above an intensity of
2-3 x 108 arbitrary intensity units. Cells were then chosen as events in a closed population with a linear
increase of SSC area and FSC area (Figure 4 A). The plots for TIE2 and eGFP were then derived from the cell
gate and the sensitivity of the detectors was adjusted so that the unlabeled cell peak appears with an
intensity of 1000 on a histogram plot. Cells positive for TIE2 and eGFP were chosen from a density plot in

which non-stained or non-expressing cells had been chosen to set a gate (Figure 4 B).
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Figure 4: Representative gating strategy to obtain cells and gate for fluorescent cells during flow cytometry. A: To
obtain signals from single cells, events with a linear increase of FSC area and FSC height were chosen (Singlets 1),
from those events with a linear increase of SSC area and SSC height (Singlets 2) were used to find a population of
cells which have a proportional increase of SSC area and FSC area (cells). B: Exemplary set up of gates to distinguish
cells with fluorescence from non-fluorescent cells. Cells were plotted as a histogram (top row) or as a density plot
(bottom row) and a gate excluding the control cells was selected. When analyzing fluorescent cells an increased signal

intensity can be seen and the cell population shifts.

2.6 Cell sorting and clonal selection

For flow cytometry assisted cells sorting (FACS) a MOFLO XDP SORTER (Beckman Coulter) with a 488 nm

laser was used. For the sorting on TIE2 expressing cells, cells were grown in Dox (1pg/ml) containing

medium for 48 hours before the sorting. Cells were trypsinized and stained with 1 ug per 10° cells of an

antibody binding human TIE2/CD202b conjugated with phycoerythrin (PE) (clone 33.1, Biolegend) as
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described before. After staining and washing the cells were resuspended in 400 pl FACS buffer. Cells not
treated with Dox were used to set the gate in the case of TIE2 expressing cells. After sorting the cells were
seeded in a 25 cm? flask with complete growth medium and grown until the flask was confluent. The cells

were then sub-cultured and frozen as described for cell culturing.

To obtain 4T1 cells with a high TIE2 expression, a polyclonal pool of transduced cells was seeded in 96 well
cell culture plates, using a limiting dilution of 15 cells/ml and 100 pl per well. Wells in which one clonal
colony was visible were expanded and the expression of TIE2 was analyzed by FCM after 48 hours induction

with Dox (1 pg/ml).

2.7 MTT cell proliferation assay

4000 MCF-7 TIE2*! cells were grown in 96 well cell culture plates with or without Dox (0.5 pg/ml and 1
pg/ml) and MTT (Sigma-Aldrich) was added at indicated time points (final concentration of 833.3 pg/ml).
Cells were incubated for 4 h, lysed with an SDS (10% w/v) solution in HCI (10 mM), and stored at 37 °C, 5%
CO,, in a humidified atmosphere, overnight. Absorbance was measured at 570 nm on a spectrophotometer
(Epoch). For measuring the effect of ANGPT1, the cells were treated with 500 ng/ml ANGPT1 (Peprotech)

with or without Dox (0.5 ug/ml or 1 pg/ml).

To measure the survival rate, 4000 MCF-7 TIE2™ cells were grown in 96 well cell culture plates with or
without Dox (1 pug/ml) for six days before adding the vehicle (DMSO) or 5-Fluorouracil (5-FU, BioBasic) in
concentrations from 50 uM to 200 uM for 4 days. Then MTT was added as described before and the
survival rate was measured by calculating the ratio of the OD570 nm of cells treated with 5-FU and the

OD570 nm of cells treated with the vehicle (DMSO).

To measure the cell viability when TIE2 was inhibited with rebastinib, 4000 MCF-7 TIE2*! cells were grown
in 96 well cell culture plates with or without Dox (1 ug/ml) and with the vehicle (DMSO) or with rebastinib
(DCC-2036, MyBioSource) in concentrations from 0.1 nM to 10 nM for ten days. Then MTT was added as
described before and the cell viability was calculated by normalizing the OD570 nm to vehicle (DMSO)

treated cells without Dox.
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2.8 Cell cycle analysis

Parental MCF-7 eGFP®*!, and MCF-7 TIE2®! cells were seeded in 6 cm cell culture dishes (12,500 cells per
cm?) and grown for 48 hours before culturing them or not in the presence of Dox (0.5-1.0 pg/ml) (Sigma-
Aldrich) for 10 days. Cells were then harvested as described before and at least 10° cells were centrifuged
(5 minutes, 350g, 4 °C), washed twice with ice-cold PBS, and the pellet was resuspended in 500 pul ice-cold
PBS per 10° cells. Then 5 ml (per 10° cells) of -20 °C cold 70% EtOH was slowly added. The cells were
incubated at -20 °C overnight and washed with ice-cold PBS (10 minutes, 800g, 4 °C) the next day and
resuspended in 2 ml staining buffer (1xPBS, 5%FBS (Corning), 50 ug/ml Propidium iodide (Sigma-Aldrich)
and 50 pg/ml RNAse A (Sigma-Aldrich)). After incubation (30 minutes, 20 °C), the cells were analyzed by
FCM. Cells were selected as events with a linear increase of Propidium lodide signal height and Propidium
lodide signal area. Cells were then plotted as a histogram using a linear Propidium lodide height as the x-

axis and the percentage of cells as the y-axis.

2.9 RNA extraction and real-time RT-qPCR

Total RNA from cell cultures was isolated using either the GenElute™ Mammalian Total RNA Kit (Sigma-
Aldrich) or the GenelJET RNA Purification Kit (Thermo Fisher Scientific) according to the manufacturer’s
instruction. RNA was quantified by Nanodrop and adjusted to a concentration of 100 ng/ul to 250 ng/ul
so that the samples from one experiment had the same concentration. RNA was then reverse-transcribed
using anchored oligo-dT primers (Thermo Fisher Scientific) and Superscript Il or Superscript Il reverse
transcriptase (Thermo Fisher Scientific) according to vendor’s instructions, in reactions containing
between 100 to 500 ng of RNA in volumes of 5 or 10 pl, depending on the number of genes that were to
be analyzed. After reverse transcription, the cDNA was diluted 1:5 with water, unless higher
concentrations of cDNA were needed. Oligonucleotides for gPCRs were designed, using Primer-BLAST
(Table 2), except for the oligonucleotides for NDRG2 which were previously published (Wang et al., 2008;
Ye et al., 2012). Oligonucleotides were designed to span an intron, to avoid amplification with
contaminating chromosomal DNA, should there be any present. The RT-qPCR was performed with
HotStartIT SYBR Green gPCR Master Mix with UDG (Affymetrix) or with the QuantiTect SYBR Green Master
Mix (Qiagen) using a 7500 Real-Time PCR System (Thermo Fisher Scientific). The relative gene expression

of samples in triplicate was determined with standard curves using serial dilutions of cDNA. The relative
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expression of triplicate samples was then normalized to the housekeeping gene ribosomal protein L32

(RPL32).

Table 2 Sequences of oligonucleotides used for real-time RT-qPCR.

Gene Gene ID Orientation Sequence
forward TACACCTGCCTCATGCTCAG
TIE2 7010
reverse TTCACAAGCCTTCTCACACG
forward ATGAAATTCACCCCCTTTCC
p21 1026
(CDKN1A ) reverse CCCTAGGCTGTGCTCACTTC
forward CAGGTAGTTTGGGGCAAAAA
p27 1027
(CDKN1B) reverse ACAGCCCGAAGTGAAAAGAA
. forward AAGCCCTCCAGCTCCTAGTC
Ki67 4288
(MKI67) reverse GCAGGTTGCCACTCTTTCTC
forward TCTGAGGGCTTCGACACCTA
PCNA 5111
reverse TCTCCTGGTTTGGTGCTTCA
forward ATCAAGTGTGACCCGGACTG
CCND1 1029
reverse CTTGGGGTCCATGTTCTGCT
forward CAGGGTTCGTAGAAGATTCAAGGG
RPL32 6161
reverse CTTGGAGGAAACATTGTGAGCGATC
NDRG2 forward GAGATATGCTCTTAACCACCCG
57447
reverse GCTGCCCAATCCATCCAA

Oligonucleotides were verified to bind target genes using standard curves in a test gPCR. Exemplary the
verification of the NDRG2 oligonucleotides on MDA-MB-231 cDNA is shown here. A serial dilution in 1:3
dilution steps of cDNA, from undiluted (81) to a final dilution (1), was used for the standard curve. The
amplification plot shows the exponential increase of SYBR Green fluorescence of the different dilutions in
duplicate. The negative control (H,0) did not show any amplification (Figure 5 A). The values at which the
fluorescence threshold (Ct- value) was crossed was plotted using the Ct-value on the y-axis and the relative
concentration of cDNA on the x-axis, using a logarithmic scale. The slope, intercept, and R? value of the
curve were calculated, as well as the efficiency (Figure 5 B). A melt curve was run starting from 55 °C,
raising the temperature in 1% increment steps until 95 °C. The peak of the curves indicates the point at
which 50% of the PCR product has denatured (Tm) and releases the SYBR Green, leading to a high change

in the fluorescence intensity (y-axis values) (Figure 5 C). Finally, the samples were run on an agarose gel to
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confirm that the singular peak in the melt curve corresponds to one PCR product. The expected size of the

NDRG2 PCR product is 90 bp (Figure 5 D).
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Figure 5 RT-qPCR showed successful amplification of the NDRG2 qPCR product. A: Amplification plot of NDRG2
primers using MDA-MB-231 cDNA in duplicate wells and dilutions from undiluted (81) to highest dilution (1) and
negative control with H20. AU: arbitrary units B: Standard curve of the qPCR showing relative cDNA concentration
(81 to 1) on the x-axis, the CT values on the y-axis, slope, intercept, R? of the curve, and efficiency. C: Melt curve
showing the temperature at which the gPCR product denatures with a peak. AU: arbitrary units D: 1% agarose gel
with the gPCR product from the standard curve dilutions. M: DNA ladder
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2.10 Phage display for a TIE2-binding shark antibody

We wanted to study the effect of TIE2 inhibition on the dormancy of cancer cells, which may occur during
ant-angiogenic therapy. For this, we decided to use the variable domain of shark IgNAR antibodies
(Immunoglobulin New Antigen Receptor), called vNAR (variable domain New Antigen Receptor). vNARs
possess several characteristics that would be advantageous in this project but also in a possible clinical
use. VNARs are stable over a wide range of pH (pH 1.5 to pH 10), and high temperatures (100 °C, 60
minutes) (Steven et al., 2017) that could enable oral administration and reduce the need for cooling. Also,
it has been suggested that vNARs, due to their small size (12 to 15 kD), and lack of fragment crystallizable
(Fc) regions, should have a similar, increased capability to enter and distribute in a tumor (tumor
penetration), compared to IgG antibodies, and also no Fc receptor-mediated clearing. This effect has been
shown for camelid heavy-chain-only antibodies (VHH), that have a similar size as vNARs and also lack Fc

regions (Matz and Dooley, 2019; Oliveira et al., 2012).

VNARs are the variable domain of shark IgNAR antibodies that consist of homodimers of heavy chains, with
five constant domains and a variable domain. The variable domain carries two complementary
determining regions (CDR), CDR1 and CDR3 that are responsible for antigen binding. The finger-like CDR3
region interacts directly with the antigen and is mostly responsible for the antigen specificity of the vNAR

(Figure 6A) (Chames et al., 2009; Stanfield et al., 2004).

The regular process to obtain vNAR sequences is to immunize a shark, harvest RNA of peripheral blood
lymphocytes or spleen lymphocytes and reverse transcribe the RNA into cDNA. This cDNA is then ligated
into phage display vectors to create a VNAR library (Matz and Dooley, 2019). Previously Dr. Cabanillas-
Bernal created three vNAR libraries by mutating the CDR3 region in vNARs of immune cDNA libraries, using
the method of Kunkel (Cabanillas-Bernal et al., 2019). The cDNA libraries had been created from horn
sharks (Heterodontus francisci), immunized with transforming growth factor-beta (TGF-B), and tumor
necrosis factor-alpha (TNF-a). Three vNAR sequences with 0, 1, or 2 cysteine residues in the CDR3 region
were used for mutation. Using mutagenic oligonucleotides that coded for cysteines at the corresponding
sites in the CDR3 regions, the Cysteine residues were maintained while the rest of the CDR3 region was
mutated. The resulting libraries T1, T20, and TN16 contain 0, 1, and 2 cysteines in the CDR3 region,
respectively. The Cysteine residues can stabilize the CDR3 region by forming disulfide bonds with the CDR1
region and may influence antigen specificity (Cabanillas-Bernal et al., 2019). Using these synthetic vNAR

libraries we could avoid shark immunization that is time-consuming but also allows us to control the



36

environmental condition (e.g. pH, temperature) and therefore the manipulation of the binding affinity

under certain conditions.
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Figure 6 Schematics of I1gG, IgNAR, vNAR bound to M13 phage, and the gene construct of vNAR-plll fusion protein.
A: Schematic comparison of mammalian IgG, consisting of two heavy and two light chains and shark IgNAR consisting
of two heavy chains. The IgNAR variable domain, vNAR, possesses the CDR3 and CDR1 regions that determine antigen
specificity. B: Schematic M13 phage with vNAR-plll fusion protein at the tip of the phage. The vNAR-plll fusion protein
is coded by a plasmid called phagemid in the phage. C: Schematic DNA sequence of the vNAR-plll construct before
mutagenesis. The vNAR is secreted into the periplasm of E. coli due to the OmpA signal peptide at the N-terminus of
the vNAR. There are three amber stop codons before the CDR3 region and one amber stop codon before the plll
protein. In E. coli strains that do not suppress the stop codon, the translation is stopped after the vNAR part of the
protein or if the mutagenesis of the CDR3 region was not successful and the 3 amber stop codons were not deleted.
A 6xHis Tag and a HA tag at the C-terminus are used for purification and detection of the vNAR.

To obtain a recombinant shark antibody that can bind and inhibit TIE2 signaling, from the three synthetic
VNAR libraries, phage display was used. For this, the vNARs are expressed, as a fusion protein with the F-
pilus binding protein plll, at the tip of M13 phages, in a phage library. The M13 phage carries a plasmid (or
phagemid) that codes for the vNAR (Figure 6 B). Therefore the vNAR coding DNA can be obtained from E.
coli, infected with M13 phages. The phagemid construct contains a short region with an amber stop codon

that links the vNAR with the plll sequence. This amber stop codon is translated by certain E. coli strains as
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Glutamate (Nilsson and Rydén-Aulin, 2003) and the vNAR-plll fusion protein can be expressed during
phage display, while other strains (e.g. BI21 DE3) stop the translation and only express the vNAR (Figure 6
C). Therefore the vNAR sequence doesn’t have to be sub-cloned to express the vNAR without plll fusion in
E. coli. The phagemid also contains an OmpA signal peptide at the N-terminus, for secretion of the vNAR
into the periplasm of E. coli, and at the C-terminus, 6 Histidines (6xHis) and a Human influenza
hemagglutinin (HA) tag for purification and detection of the vNAR with antibodies, respectively.
Additionally, the vNAR sequence contains 3 amber stop codons before the CDR3 region. In phagemids with
a mutated CDR3 region, the 3 stop codons are not present anymore and vNARs can be expressed in BL21

(DE3) E. coli and it avoids expression of the original T1, TN16 or T20 vNARs (Figure 6 C).
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Figure 7 Scheme of the phage display panning process. The phage libraries are incubated with TIE2 cells in a 96 well
plate and the bound phages are discarded as negative selection. For the positive selection, the supernatant with the
unbound phages is added to TIE2 expressing cells. After incubation and washing, the cells with the bound phages
are released (trypsin or antibody in the 3" experiment) and added to E. coli, that are infected. Together with a helper
phage the bacteria then produce phages for the next round of panning.

For the phage display experiments live cells were used for selection (Figure 7). A mix of the 3 synthetic
phage libraries was first incubated with non TIE2 expressing cells to negatively sort phages that would bind
antigens on the cells. Phages in the supernatant were then used in a positive selection with TIE2 expressing
cells and released after washing steps. The phages obtained were then used to infect E. coli and expanded
for a new round of panning. In total 4 rounds of panning were done (Figure 7). In the first phage display

experiment HEK 293T cells, transfected to express TIE2, were used for a positive selection of phages. In
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the second experiment MDA-MB-231 T/E2"' BCa cells, expressing TIE2 after 48 hours growth in the
presence of Dox (1ug/ml), were used for the positive selection. In a third experiment MDA-MB-231 T/E2™!
cells, expressing TIE2 after 48 hours growth in the presence of Dox (1pg/ml), were used to bind phages in
the positive selection and a TIE2 binding Ab (R&D Systems) was used to competitively inhibit the binding

of phages to TIE2.

In the first step, the three phage-libraries were re-amplified. For this 50 ml of E. coli (ER2537) were grown
in Super Broth medium (SB, Tryptone 3.2% (w/v), yeast extract 2% (w/v), NaCl 0.5% (w/v), pH 7) until an
ODeoo of 1 and were then infected with an equimolar mix of 10 pl phage libraries and incubated for 15
minutes. Then 10 pl carbenicillin (100 mg/ml) was added and after one hour agitating (250 rpm, 37 °C), 15
ul carbenicillin (100 mg/ml) was added. As the M13 phage does not code for the coat proteins to assemble
the phage, a helper phage (M13K07, Invitrogen), coding for the coat proteins of the M13 phage has to be
added. Therefore o express the phages 2 ml of a VCSM13 helper phage solution, 148 ml of pre-warmed
SB-medium and 75 pl carbenicillin (100 mg/ml) was added (50 pg/ml final carbenicillin concentration). The
culture was agitated for 2 hours (250 rpm, 37 °C) before 280 ul kanamycin (50 mg/ml) was added (36 pg/ml
final kanamycin concentration), and agitation (250 rpm, 37 °C) continued overnight. The following day the
E. coli were centrifuged (3000 g, 15 minutes) and the phages were precipitated from the supernatant with
PEG-8000 (4% w/v) and NaCl (3% w/v) (30 minutes, on ice). After centrifugation (15 minutes, 15,000 g) the

phage pellet was re-suspended in 2 ml PBS with BSA (1% w/v) and sterile filtered.

For the panning, 50 ul of the sterile filtered phage solution was used. The solution was blocked with 150
ul of PBS with 5% (w/v) fat-free milk powder (60 minutes, on ice). Hereafter 80 pl of the blocked phage
suspension was incubated with non TIE2 expressing cells in two wells of a 96 well plate (30 minutes, 37
°C). After the incubation TIE2 expressing cells were added in two different wells of the plate and the plate
was centrifuged (5 minutes, 750 g). Subsequently, the supernatant from the negative selection wells was
added to the wells with the TIE2 expressing cells and incubated for 45 minutes. A washing with buffer (PBS,
Tween 20 0.05% (v/v)) was repeated 5 times with a centrifugation after each washing step (750 g, 5
minutes). The phages were removed from the cells with 300 pl Trypsin in PBS (10mg/ml) while agitating
(30 minutes, 37 °C, 100 rpm). The phage suspension was then added to two ml of an E. coli culture (ODegoo
0.7-0.9) and incubated (15 minutes at RT) without agitation to allow infection of the E. coli. Afterward, 6

ml of pre-warmed (37 °C) SB medium and 1.6 pl carbenicillin (100 mg/ml) was added.

The number of phages that had infected E. coli cells was obtained after the selection (output) by diluting

2ul of the E. coli culture, infected with phages, 1:100 in SB medium and 10ul and 100 ul were plated on
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carbenicillin agar plates (100 pg/ml). To estimate the number of phages that were present at the beginning
of the panning (input) 50ul of an overnight E. coli culture was infected with 1 pl of a 10°® serial dilution of

the re-amplified phage preparation and plated on carbenicillin agar plates (100 pug/ml).

The phage culture was agitated for 1 hour and 2.4 pl carbenicillin (100 mg/ml) was added before agitation
continued for one hour. To express phages, 90 ml SB medium (37 °C), and 2 ml of a VSCM13 helper phage,
preparation and 46 pl carbenicillin (100 mg/ml) was added (final carbenicillin concentration 50 pg/ml). To
allow helper phage infection the culture was incubated for 20 minutes without agitation. Then the culture
was incubated agitating (2 hours, 37 °C, 250 rpm) followed by the addition of 140 pl kanamycin (50 mg/ml)
(final kanamycin concentration 36 ug/ml) and agitation overnight. The next day the E. coli culture was
centrifuged (15 minutes, 3000 g|) and the phages were precipitated from the supernatant with PEG-8000
(4% w/v) and NaCl (3% w/v) (30 minutes, on ice). After centrifugation (15 minutes, 15,000 g) the phage
pellet was re-suspended in 2 ml PBS with BSA (1% w/v) and sterile filtered. After that, the selection process

was repeated as described. In total 4 rounds of selection or panning were performed (Figure 7).

From the output selection agar plates, several colonies were picked and the presence of the phagemid
was confirmed with a colony test PCR using Omp- seq (5’-AAG ACA GCT ATC GCG ATT GCAG-3’) and gback
(5’-GCC CCCTTATTA GCG TTT GCC ATC-3’) oligonucleotides. If the presence of a phagemid was confirmed
the phagemid was expressed in E. coli (overnight, 37 °C) and the phagemid was extracted using the
PureLink Quick Plasmid Miniprep Kit (Thermo Fisher Scientific). The candidates were sequenced (Seqgxcel)
and sequences were aligned to the original T1, TN16, and T20 phagemid templates using CLC Genomics

Workbench (v11, QIAGEN).

2.11 vNAR production and purification

To express VNARs the corresponding phagemid was transformed in the E. coli strain BL21 (DE3) using a
heat shock and plated on carbenicillin (100 pg/ml) selection plates. From one clone a 10 ml overnight
culture (SB medium) was inoculated, using 10 pl carbenicillin (100 mg/ml) as a selection marker. The next
day the overnight culture was diluted in 1 | of SB medium with 1 ml carbenicillin (100 mg/ml) and incubated
(37 °C, vibrating at 8g) using a resonance acoustic mixer (Applikon-biotechnology). Once the OD600
reached 0.7 the VNAR expression was induced by IPTG (1mM final concentration) and the culture was

incubated overnight (30 °C, vibrating at 8g). The E. coli were harvested the next day by centrifugation (30
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minutes, 3000g at 4 °C) and pelleted cells were re-suspended in 200 ml sucrose buffer (Tris-HCI, 30 mM;
Sucrose 20% w/v; pH 8.0)). The cells were kept on ice and 500 mM EDTA was added dropwise to a final
concentration of 1 mM. The suspension was incubated (5 to 10 minutes) and centrifuged (20 minutes,
8000 g at 4 °C). The supernatant was collected and stored at -20 °C until usage. The cell pellet was
resuspended in 200 ml aqueous MgSO4 solution (5 mM, 0 °C). The cells were stirred on ice for 10 minutes
and then centrifuged (20 minutes, 8000g at 4 °C). Afterward, the supernatant contained the periplasmatic

contents and was removed and stored at -20 °C until usage.

The vNAR was purified using Ni-NTA resin (Qiagen) in a purification column. 1 ml of Ni-NTA resin was used
in a 10 ml gravity column. Ni-NTA equilibration was done by washing with 15 ml equilibration buffer
(NaH;PO4 50 mM, NaCl 300 mM, Imidazole 20 mM, pH 8.0). The sucrose and MgSO4 solutions were
equilibrated with Imidazole (20mM final concentration), the pH of the samples was adjusted to 8 and the
samples were sterile filtered (0.2 um filter). Samples were passed twice through the resin, using gravity.
The resin was washed twice with 20 ml wash buffer (NaH, PO, 50 mM, NaCl 300 mM, Imidazole 50 mM,
pH 8.0) and the vNAR was eluted with 2.5 ml elution buffer (NaH, PO, 50 mM, NaCl 300 mM, Imidazole
250 mM, pH 8) and collected in three fractions (around 830 pl each). All solutions and fractions that had

passed through the column were stored at -20 °C before further analysis.

2.12 Gel electrophoresis and Immunodetection of vNARs

Electrophoresis of expressed vNAR and crude extracts were run on 12% polyacrylamide gels after Schagger
and von Jagow (1987) with 50mA constant amperage and 150 Volts for 2.5 hours. The proteins were then
transferred on a nitrocellulose membrane (0.45 um, BIORAD) using semi-dry transfer with an Electro
blotter (CLP). For this, filter papers were wetted thoroughly with 1X Towbin buffer (Tris Base 250 mM,
Glicine 192 mM, methanol 20% (v/v), pH 8.3) and a thick Whatman filter paper at the Anode was laid over
with a nitrocellulose membrane, the polyacrylamide gel, and another thick filter paper, wetted as well
with Towbin buffer before the Cathode was set on top. The transfer was achieved by adding 200 mA, 20 V

maximum, for 1 hour.

For Immunostaining, the nitrocellulose membrane was blocked in 1x PBS with 5% (w/v) fat-free milk
powder (NaCl 137 mM, KCI 2.7 mM, Na;HPO4 10 mM, KH,PO4 1.8 mM, pH 7.4) for two hours or overnight

at 4° C followed by adding anti-HA-HRP conjugated antibody (100 ng/ml, final concentration, Roche) and
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incubating for two hours. Three washing steps with (1xPBS, Tween-20 0.05% v/v) for 5 minutes followed
before the presence of antibody was revealed by adding DAB (DAB Substrate Kit, Thermo Scientific) and

incubating until coloration occurred.

2.13 ELISA

Enzyme-linked Immunosorbent Assay (ELISA) of phages were using TIE2 expressing cells (Cos-7 transfected
to express TIE2 or PC-3 TIE2®!, MDA-MB-231 T/E2"! and 4T1 TIE2" incubated with Dox 1pg/ml, 48 hours)
to detect binding of phages to TIE2. The parental cell line served as a negative control. First, 50,000 cells
per well, in blocking buffer (1xPBS with 3% BSA), were put in the well of a 96-well round-bottom plate and
incubated (1 hour, 37 °C). The cells were centrifuged (5 minutes, 500 g) and the supernatant was removed
carefully. 50 pl of phage solution (overnight culture supernatant precipitated with PEG and NacCl, as
described before) were added and incubated with the cells (1 hour, 37 °C) and then centrifuged (5 minutes,

500 g).

The supernatant, containing unbound phages, was removed and the cells were washed four times (1X PBS,
Tween 20 0.05% v/v). Afterward, the cells were incubated (1 hour, 37 °C) with anti M13 HRP conjugated
antibody (Sigma-Aldrich) (1:5000 dilution in PBS BSA 1%). The unbound antibody was washed away with
four washing steps (1X PBS, Tween 20 0.05% v/v). Phage binding was revealed with 3,3’,5,5'-
Tetramethylbenzidine (TMB, Thermo Fisher Scientific) solution (25 pl TMB mixed with 25 pl of H,0,3%
v/v) after incubation with the revealing solution (45 minutes, 37°C) the reaction was stopped by adding 50

pl HCI (1M) and the absorbance at 450 nm was measured.

2.14 Animal protocols

All animal experiments were performed in compliance with the guidelines of the Mexican Official Standard
(NOM-062-200-1999, Especificaciones técnicas para la produccién, cuidado y uso de los animals de
laboratorio), and were approved by the institutional ethics committee of the CICESE (ethical reference
number: ANIM_TERR_ 2020 01). Balb/C mice (Balb/cAnNHsd) obtained from Harlan-Envigo, or
subsequently bred at the CICESE were maintained in an Optimice cage system (Animal Care Systems), in a
controlled environment (24 °C and 12 hours light/dark cycle), and provided with water (CIEL, reverse

osmosis) and food (2018S Teklad Global 18% protein rodent diet, Envigo) ad libitum. The mice were
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acclimated for at least a week before starting the experiments. The number of animals needed was
determined based on previous data from experiments with PCa and BCa cells and personal data from Dr.

Fournier.

2.14.1 Subcutaneous tumor model

Five- to seven-week-old, female Balb/C mice received or not Dox (0.5 mg/ml) in their drinking water. To
prevent dehydration through reduced water intake by the mice, due to the bitter taste of Dox, Sucrose
(5% w/v) was added to the drinking water of both groups. Two days after starting the Dox treatment, the
mice were injected bilaterally with 100,000 4T1 TIE2', expressing or not the human TIE2 receptor under
a Tet-ON promoter, or 4T1 parental cells, in 50ul PBS. The weight of the mice and their water consumption
was monitored, and the tumor size was measured during the experiment with a Caliper. The volume of
the tumors was calculated with the formula: Volume = [length x (width)2]/2. After euthanasia, the tumors
were dissected and weighted and the lungs of the mice were inflated by buffered formalin (4% formalin in

PBS) and fixed for 24 hours before a 24 hour PBS wash and stored in 70% ethanol.

2.14.2 Bone metastases

Five- to seven-weeks old, female Balb/C, mice received or not Dox (0.5 mg/ml) in their drinking water. To
prevent dehydration through reduced water intake by the mice due to the bitter taste of Dox, Sucrose (5%
w/v) was added to the drinking water of both groups. Three days after starting the Dox treatment, the
mice were anesthetized (Ketamine 100 mg/kg and Xylazine 5 mg/kg) and depilated on the chest. 4T1 TIE2*!
or 4T1 parental cells (10° cells in 100uL PBS) treated or not with Dox (48 hours, 1ug/ml) were injected in
the left cardiac ventricle. During anesthesia, mouse ears were clipped to allow the identification of
individual mice. To dilute the anesthesia and reduce the time for the mice to regain consciousness, 300 pl
of pre-warmed (35 — 37 °C) PBS was injected intraperitoneal (i.p.). During the experiment, the water
consumption was monitored to detect reduced liquid uptake. Eleven days after inoculation, the mice were
euthanized, and hindlimb bones were collected, fixed in buffered formalin (4% formalin in PBS, for 24
hours), and stored in ethanol (70%). Radiographs were taken using an InVivo XTreme (Bruker) at the
Laboratorio Nacional de Microscopia Avanzada (UNAM). The area of osteolysis was identified as

radiolucent lesions and measured manually using Image) (v1.51j8).



43

2.15 Histology

2.15.1 Sample preparation and paraffin embedding

After storage in ethanol (70% v/v), bones and lungs were washed with PBS (24 hours). Bones but not lungs
were then transferred into EDTA solution (0.34 M, pH 8.0) for three weeks for decalcification. Bones and
lungs were washed with PBS and transferred into Ethanol (70% v/v) for 24 hours. For the transfer of bones
and lungs into paraffin (Thermo Fisher Scientific) a paraffin infiltration regimen was used, following the

steps in Table 3 and using an STP120 tissue processor (Thermo Fisher Scientific).

Table 3 Steps of paraffin infiltration for bones and soft tissue

Step Reagent time
1 Ethanol 80% 1 hour
2 Ethanol 95% 2 hours
3 Ethanol 95% 2 hours
4 Ethanol 100% 2 hours
5 Ethanol 100% 2 hours
6 Ethanol 100% 1 hour
7 Xylene 1 hour
8 Xylene 1 hour
9 Paraplast 2 hours
10 Paraplast 2 hours

After paraffin infiltration, the bones and soft tissue were embedded in paraffin (Thermo Fisher Scientific)
and stored at 4 °C until sectioning. Sectioning was performed on a microtome (Leica Biosystems RM2245
or a Thermo scientific automatized HM 340E) by cutting 7 um thick sections from the embedded bones or
soft tissue. The cut sections were transferred into a water bath (40 °C) containing Gelatine Type B (bloom
275, Fisher Scientific). After the relaxation of the sections, two sections per glass slide were picked and air-

dried.
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2.15.2 Hematoxylin and Eosin stain

Bone and tissue sections were stained with Hematoxylin and a mix of Eosin (H&E), OrangeG and Phloxine

using the protocol in Table 4.

Table 4 H&E staining steps

Step Reagent Time

1 Xylene/Limonene 5 minutes
2 Xylene/Limonene 5 minutes
3 Ethanol 100% 2 minutes
4 Ethanol 100% 2 minutes
5 Ethanol 96% 1 minutes
6 Ethanol 70% 1 minute
7 Ethanol 50% 1 minute
8 Tap water 5 minutes
9 Harris Hematoxylin 40 seconds
10 Tap water Until water stays decolorized
11 Ethanol acidified 2 minutes
12 Tap water 1 minute
13 LiCOs saturated 2 minutes
14 Tap water 1 minute
15 Ethanol 96% 1 minute
16 Eosin/Phloxine/Orange G 30 seconds
17 Ethanol 96% 1 minute
18 Ethanol 96% 1 minute
19 Ethanol 96% 1 minute
20 Ethanol 100% 2 minutes
21 Ethanol 100% 2 minutes
22 Xylene/Limonene 5 minutes
23 Xylene/Limonene 5 minutes

Depending on the age of the staining solutions the incubation times in Hematoxylin and Eosin were varied
to keep staining intensities homogeneous throughout different H&E stainings. After the last dehydration
step with Xylene or Limonene, the slides were dried before adding two drops of Cytoseal 60 (Thermo Fisher
Scientific) and mounting with a coverslip. Hematoxylin stains nucleotides and the nucleus primarily (blue)

while Eosin and phloxine stain the cytoplasm (pink) and Orange G will stain collagen (orange).
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2.16 Statistical analysis

Statistical analysis was performed with the GraphPad Prism software (v5). A comparison of two groups
was done either with a Student’s t-test for data sets with a Gaussian distribution or a Mann-Whitney U-
test for non-Gaussian distributions. Three or more groups with continuous variables were compared, using
one way ANOVA, with a Tukey’s post-test. For groups that are affected by two variables a two way ANOVA
with a Bonferroni post-test was used. A P value of <0.05 was considered significant and *p<0.05, **p<0.01,

***p<0.001 was used to symbolize significance if not stated otherwise.
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Chapter 3. Results

3.1 TIE2 expression is associated with a good prognosis in BCa patients

During the last two decades, several studies could show that HSCs and DTCs share several mechanisms
home to the HSC bone marrow niche and enter dormancy. This is also true for ANGPT1-TIE2 signaling that
induces dormancy in HSCs in vivo (Arai et al., 2004) and PCa cells in vitro (Tang et al., 2016). Therefore in
the first step, we wanted to investigate if there is a clinical relevance of TIE2 expression in the progression

of breast cancer. For this, we used the PROGgene database (Goswami et al., 2014).

For BCa 42 independent datasets from different previous studies were available for analysis, and we found
12 datasets that had metastasis-free survival as an outcome, 26 datasets that had relapse-free survival as
an outcome and 20 datasets showed the overall survival as an outcome. Some of the available datasets
had two or three outcomes reported and were analyzed in the corresponding analysis. From the 12
datasets that showed metastasis free survival, two datasets GSE2990 (HR = 0.17, 95% Cl = 0.04 to 0.75; p
= 0.018) and GSE5237 (HR = 0.42, 95% Cl = 0.19 to 0.95; p = 0.036) had a significantly longer metastasis
free survival time for patients with a high T/IE2 expression (Figure 8 A). Interestingly there were two more
datasets where there was an almost significantly longer metastasis free survival time, GSE9195 (HR = 0.33,
95% Cl = 0.10 to 1.13; p = 0.076) and GSE48408 (HR = 0.81, 95% ClI = 0.65 to 1.00; p = 0.054) (Figure 8 B).
Additionally in 75% of the datasets (9 of 12) the analysis showed that patients with a relatively high TIE2
expression had a hazard ratio (HR) below 0.85 which indicates that that a higher expression of TIE2 in the
primary tumor of BCa patients is associated with a longer time until the development of metastases in the

majority of those datasets (Figure 8 B).
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Figure 8 High TIE2 expression in the primary tumor is associated with an increased time to the detection of
metastases in BCa patients. Analysis of metastasis-free survival using the PROGgene database using the median TIE2
mRNA level in the primary tumor as a bifurcation point A: Representative Kaplan—Meier plots for the Sotiriou
(GSE2990) and Loi datasets (GSE6532). B: Forest plot of all analyzed datasets, indicating the overall hazard ratio (HR)
for metastasis-occurrence and 95% confidence interval (Cl). Survival analysis was performed using a log-rank test, ¥
p <0.078, and * p < 0.05.

Similarly there were 26 datasets that could be analyzed for relapse- free survival as an outcome. Of those,
5 datasets (19%) had a HR over 1.15 for a high TIE2 expression while none of those showed a significantly
longer relapse free survival for a low TIE2 expression (Figure 9 B). On the other hand 65% (17 of 26) of the
datasets had a HR below 0.85 and three datasets showed a significantly longer time to relapse: GSE1456
(HR =0.21, 95% Cl = 0.08 to 0.53, p = 0.001), GSE17705 (HR = 0.3, 95% Cl = 0.12 to 0.76; p = 0.011), and
GSE4922 (HR =0.53, 95% Cl = 0.32 to 0.88; p = 0.014) while one dataset had a nearly significantly longer
relapse-free survival GSE9195 (HR=0.37, Cl=0.13-1.09; p=0.0716) (Figure 9 A and B).
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Figure 9 High TIE2 expression in the primary tumor is associated with a longer relapse-free time in BCa patients.
Analysis of metastasis-free survival using the PROGgene database using the median T/IE2 mRNA level in the primary
tumor as a bifurcation point A: Representative Kaplan—Meier plots for the Pawitan (GSE1456) and Symmans datasets
(GSE17705). B: Forest plot of all analyzed datasets, indicating the overall hazard ratio (HR) for relapse-free survival
and 95% confidence interval (Cl). Survival analysis was performed using a log-rank test, ¥ p < 0.078, * p < 0.05 and
**p<0.01.
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Overall this shows a similar trend as we had observed for the metastasis-free survival datasets: a high TIE2

expression in the primary tumor is associated with a more beneficial outcome.

Finally 25% (5 of 20) of the datasets we analyzed for the overall survival as an outcome, had a HR over 1.15
and one of those datasets, TCGA, had a significantly longer survival time when TIE2 had a relatively low
expression (HR =1.41, 95% Cl = 1.09 to 1.84; p = 0.010) (Figure 10 B). However in 45% of the datasets (9
of 20) the HR was below 0.85 and two datasets showed a significantly longer overall survival time if TIE2
is highly expressed: GSE1456 (HR = 0.29, 95% Cl =0.12 to 0.71; p = 0.007) and GSE3494 (HR = 0.41, 95% Cl
=0.21 to 0.71; p = 0.0081) (Figure 10 A). In addition four more datasets had a nearly significantly longer
overall survival for high TIE2 expressing primary tumors: GSE21653 (HR=0.78, 95% Cl= 0.59 to 1.03; p=
0.0757), GSE42568 (HR=0.62, 95% CI=0.37 to 1.03; p=0.067), GSE2607 GPL887 (HR=0.04, 95% CI=0t0 10.8,
p=0.0556) and GSE6130 GPL887 (HR=0.02, 95% Cl= 0 to 1.25; p= 0.064) (Figure 10 B).
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Figure 10 High TIE2 expression in the primary tumor is associated with a longer overall survival time in BCa
patients. Analysis of metastasis-free survival using the PROGgene database using the median T/IE2 mRNA level in the
primary tumor as a bifurcation point A: Representative Kaplan—Meier plots for the Pawitan (GSE1456) and Miller
datasets (GSE3494). B: Forest plot of all analyzed datasets, indicating the overall hazard ratio (HR) for overall survival
and 95% confidence interval (Cl). Survival analysis was performed using a log-rank test, ¥ p < 0.078, * p < 0.05 and
**p<0.01.

Taken together, these findings indicate that T/IE2 expression has a clinical significance in breast cancer. In
addition, a high TIE2 expression may serve as a marker for a good prognosis because it is associated with

a slower disease progression, which might be explained by an induction of dormancy.
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3.2 TIE2 expression is a growth disadvantage in cancer cells

3.2.1 There is a low TIE2 expression in cancer cells lines

We had found a clinical significance of TIE2 expression and therefore, as a first step, we wanted to evaluate
the effect of TIE2 in vitro. For this, we screened several BCa and PCa cell lines for the expression of TIE2.
In a first approach cancer cells were labeled with a fluorescent antibody against TIE2 and flow cytometry

(FCM) was used to detect cancer cells with TIE2 receptor expression on their membrane.

However, in the three BCa cell lines, MDA-MB-468, MDA-MB-231 and MCF-7 as well as in the four PCa cell
lines PC-3, LnCap, DU145 and C4-2B, we could not detect TIE2 expression except for a very low (1.84%)
presence of TIE2* cells in MDA-MB-468 BCa cells (Figure 11 A). We then sought to determine the
expression of TIE2 mRNA in six BCa cell lines, BT-549, MDA-MB468, MDA-MB-231, BT-483, MCF-7, and
T47D, and four PCa cell lines, PC-3, LNCap, DU145 and C4-2B. Similar to the protein expression, the TIE2
MRNA expression was negligible compared to the TIE2 expression in HUVEC cells (over 1,300 times more

than in the cancer cells) (Figure 11 B). Together this showed that there is no TIE2 expression in cancer cells

in culture.
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Figure 11 There is no TIE2 expression in cultured cancer cells. A: Expression of TIE2 was analyzed in BCa and PCa cell
lines. Cells were analyzed by flow cytometry and results are represented as false color density plots (95% of cells),
color gradient from lowest cell number (blue) to highest cell number (red), outliers (5%) are represented as single
dots. Values indicate the percentage of TIE2* cells. B: Expression of TIE2 mRNA was analyzed in BCa and PCa cell lines
using RT-qPCR. TIE2 mRNA expression is represented as the average + SEM vs. MDA-MB-468 cells.
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3.2.2 Mimicking hypoxia does not increase TIE2 expression

It has been reported that TIE2 expression can be induced in endothelial cells under hypoxic conditions, by
the hypoxia-inducible factor 1 (HIF1) (Willam et al., 2000). The transcription of genes through HIF1 binding
is cell type-specific and depends on chromatin status, the activity of RNA polymerase Il and the presence
of co-activators and partner transcription factors (Dengler et al., 2014). Interestingly HIF1 preferably
activates gene transcription where a basal gene expression is already present in the cell (Xia and Kung,
2009). As TIE2 transcription can be activated by HIF1 and we found a very low but measurable TIE2
expression in some BCa and PCa cells we wanted to test if TIE2 expression could be induced via hypoxia.
As we could not grow cells under hypoxic conditions, we decided to utilize CoCl, to mimic hypoxia. Under
normoxic conditions, HIF1 is hydroxylated by Fe?* dependent propyl hydroxylases (PHD). This allows
binding of the von-Hippel-Lindau protein (pVHL), that, as part of the E3 ubiquitin ligase, targets HIF-1a for
degradation in the proteasome. In hypoxic conditions hydroxylation of HIF1 by PHD is prevented and HIF1
is not degraded and can accumulate and induce transcription. Co?* lons have been thought to substitute
Fe* in PHDs and therefore prevent HIF1 hydroxylation and subsequent degradation, leading to HIF-1
dependent gene expression (Schofield and Ratcliffe, 2004). However it was found that HIF1 can also be
stabilized in the presence of Co** when excess Fe? is available and a Fe?* substitution by Co** on PHDs
would be reduced. An inhibition of the PI3K and MAPK pathway in the presence of CoCl; reduced the
stabilization of HIF1 which indicated that PHDs and the PI3K and MAPK pathway are involved in HIF
stabilization and HIF dependent transcription (Triantafyllou et al., 2006). NDRG2, which belongs to the
family of N-Myc downstream-regulated genes, was found to be up-regulated in response to HIF-1
activation in several cancer cell lines and human embryonic kidney cells (HEK 293T) (Wang et al., 2008).

Therefore it was chosen as a marker for HIF-1 activation through CoCl..

We first tested the effect of CoCl, on the expression of NDRG2 mRNA in MDA-MB-231 and PC-3 cells.
However, we found less expression of NDRG2 when the cells were grown in the presence of CoCl; (Figure
12 A). In HUVEC cells there was a very low expression of NDRG2 and CoCl, had no significant effect on its
expression, while in PC-3 cells NDRG2 expression was decreased significantly in the presence of CoCl; as
we had observed previously. In HUVEC cells CoCl, reduced TIE2 expression significantly while in PC-3 cells
there was no TIE2 expression, independent of treatment, when compared with T/IE2 expression in HUVEC
(Figure 12 B). Considering these results we found that we were not able to recreate the hypoxia mimicking
effects of CoCl, in our laboratory, despite its successful use by others. Therefore we decided to overexpress

TIE2 using a lentiviral system.
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Figure 12 CoCl: reduces NDRG2 and TIE2 expression. A: MDA-MB-231 and PC-3 cancer cells were grown in the
presence or absence of CoClz. The expression of the hypoxia marker NDRG2 mRNA was measured by RT-qPCR. B: PC-
3 cancer cells or HUVEC endothelial cells were grown in the presence or absence of CoCl.. The expression of the
NDRG2 and TIE2 mRNA was measured by RT-qPCR. *p<0.05, ***p<0.001 using a two way ANOVA with Bonferroni

post-test.
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3.2.3 TIE2 overexpressing cells are lost over time

To produce TIE2 overexpressing cells we obtained the human TIE2 coding sequence from an image vector
through PCR. An analysis of the PCR product with gel electrophoresis showed the correct size of 3.4 kb
(Figure 13 A) and we subcloned it into the pLIM1 expression vector, using Gibson assembly. From several
pLIM1-TIE2 plasmid candidates obtained through Gibson Assembly, we tested the correct insertion of TIE2
through a digestion of the plasmids with the restriction enzyme BamHI. From an in silico digestion of
pLUIM1-TIE2, we expected DNA fragments with 6.8 kb, 2.8 kb and 1 kb which were present, after in vitro
digestion, in the two plasmid candidates pLUM1-TIE2 #1 and pLJM1-TIE2 #4 (Figure 13 B). A subsequent
sequencing confirmed that pLIM1-TIE2 #4 had no mutations in the T/IE2 coding sequence and we continued

to use this plasmid for the production of lentiviral particles.

pUM1- pLIM1-
M TIE2 #1 TIE2 #4

8 kb
6 kb

3 kb
2 kb

1kb

Figure 13 TIE2 was subcloned successfully into the pLIM1 vector. A: 1% agarose gel with the PCR product of the TIE2
coding sequence with an expected size of 3.4 kb. B: 1% agarose gel with the digestion product of two of the subcloned
pUM-TIE2 candidates, digested with BamHI. Expected fragment sizes: 6.8 kb, 2.8 kb and 1 kb.

We transduced MDA-MB-231 and PC-3 cells and, as a control, cells were also transduced to overexpress
eGFP using the original pLUM1-eGFP vector. After the transduction, the expression of GFP and TIE2 was
determined by FCM.
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Figure 14 Constitutively GFP expressing cells were enriched after puromycin selection. MDA-MB-231 and PC-3 cells
were transduced to constitutively overexpress eGFP under a CMV promoter and transduced cells were selected with
puromycin. Cells were analyzed by FCM and results are represented as density plots (95% of cells), color gradient
from lowest cell number (blue) to highest cell number (red), outliers (5%) are represented as single dots. Values
indicate the percentage of GFP* cells.

92.5% of the MDA-MB-231 and 95.6% of the PC-3 cells were GFP* (Figure 14) while we saw TIE2* cells in
32% of MDA-MB-231, and 46% of the PC-3 cells (Figure 15). After the selection for transduced cells with
the antibiotic puromycin, 98.4% and 99.3% of the MDA-MB-231 and PC-3 cells were GFP*, respectively
(Figure 14). However, when we analyzed the TIE2 transduced cells, instead of enriching for TIE2 expressing
cells, the amount of TIE2* cells had decreased to 0.7% and 22%, respectively. (Figure 15). We repeated the
transduction and selection but lost TIE2 expressing cells, again. As GFP* cells could be enriched we
concluded that the pLJM1 vector expression system was not responsible for the loss of TIE2 expressing
cells. Instead, TIE2 expression might be a growth disadvantage for the cells and that could explain why we

had been not able to enrich them.
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Figure 15 Constitutive TIE2 overexpression is not stable in BCa and PCa cells. MDA-MB-231 and PC-3 cells were
transduced to constitutively overexpress TIE2 under a CMV promoter and transduced cells were selected with
puromycin. Cells were analyzed by FCM and results are represented as density plots (95% of cells), color gradient
from lowest cell number (blue) to highest cell number (red), outliers (5%) are represented as single dots. Values
indicate the percentage of TIE2* cells.

As we were not able to overexpress TIE2 constitutively we switched to an inducible Tet-ON expression
system. Here a transactivator protein is activated in the presence of the antibiotic doxycycline (Dox) and
can bind the corresponding promoter region. With a PCR on the pLJIM1-TIE2 plasmid, we obtained the TIE2
coding sequence, with the expected size of 3.4 kb (Figure 16 A). We then subcloned TIE2 into the Dox
inducible Tet-ON vector pCW57.1, using Gibson assembly. To verify the correct insertion in the backbone,
we did a test PCR with primers, binding in TIE2 and on pCW57.1 backbone. One plasmid candidate had the
expected PCR product length of 800 bp that indicated a successful sub-cloning (Figure 16 B). Lentiviral
particles were produced and MDA-MB-231 and PC-3 cells were transduced and selected with puromycin,

in absence of Dox.
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Figure 16 TIE2 was subcloned into the pCW57.2 backbone. A: 1% agarose gel with the coding sequence of TIE2 which
was obtained from the pLIM1-TIE2 plasmid that had been used to overexpress TIE2. Expected product size: 3.4 kb B:
1% agarose gel of test PCR product from the pCW-TIE2 plasmid, expected size 0.8 kb.

After the selection process, 75% of MDA-MB-231 and 62% of PC-3 cells were expressing TIE2 after being
grown in the presence of Dox (1 pg/ml) for 48 hours, before the analysis. Nevertheless, in subsequent
analyses of the transduced cells by FCM, we found that the expression of TIE2 diminished again over time,
despite the absence of Dox while culturing the cells (Figure 17). This showed that, even though there was

no Dox present, the cells that can express TIE2 in the presence of Dox had a growth disadvantage.

After
selection Later passages
SSC
1 75.3%
MDA-MB-231
TIE2tet
SSC
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TIE2tet

TIE2

Figure 17 BCa and PCa cells with an inducible TIE2 expression are lost over time. MDA-MB-231 T/E2%*' and PC-3
TIE2'! cells were selected with puromycin and TIE2 expression, after 48 hours culture in Dox (1 pg/ml), was measured
directly after selection and several passages later. Cells were analyzed by flow cytometry and results are represented
as density plots (95% of cells), color gradient from lowest cell number (blue) to highest cell number (red), outliers
(5%) are represented as single dots. Values indicate the percentage of TIE2* cells.
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3.2.4 TIE2 expression is reduced in primary tumors

Taking these results into account we sought to determine the levels of TIE2 expression in the primary
tumor of breast cancer patients. For this, we used the Oncomine database to obtain and analyze
microarray gene expression data that had been published by others. There were 12 independent datasets

available where TIE2 expression could be compared between normal breast tissue and invasive BCa.

One dataset had a higher expression of TIE2 in the primary tumor, compared to healthy breast tissue while
11 datasets had a lower expression of TIE2 in the primary tumor compared to healthy breast tissue, and
this was significant in 7 of those datasets. When setting a threshold of 0.001 for the p-value and a 2 fold
change in gene expression level, one dataset (Finak dataset) had a significantly higher TIE2 expression of
7.7 fold in invasive breast carcinoma, compared to healthy breast tissue (Figure 18). However in 5 other
independent datasets, that fit our parameters, the expression of TIE2 is significantly decreased between
2.6 and 5.1 fold in invasive primary tumors of BCa patients, compared to healthy breast tissue (Figure 18).
Overall this result further underlined our previous findings, of cancer cells in culture, and suggested that
the expression of TIE2 is lost in proliferating tumor cells in vitro and in patients, possibly because TIE2 is a

growth disadvantage.
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Figure 18 TIE2 expression is generally decreased in primary tumors of BCa patients. The relative expression of TIE2
was compared between the normal breast tissue and the primary tumor of BCa patients diagnosed with invasive
ductal breast carcinoma, invasive breast carcinoma, or ductal breast carcinoma. Box plots represent the relative TIE2
expression and were compared using an unpaired Student’s t-test.
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3.2.5 FACS sorting results in a population of MCF-7 cells with a high amount of TIE2 expressing
cells

As we had lost both constitutive and inducible TIE2 expressing cells over time, we decided to sort TIE2
expressing cells, using FACS. In addition to MDA-MB-231 and PC-3 cells, we transduced MCF-7 BCa cells to
also express TIE2 under the Dox inducible Tet-ON promoter. MCF-7 are estrogen receptor (ER) positive in
contrast to triple-negative MDA-MB-231 BCa cells. It has been reported that ER* BCa more often leads to
dormant DTCs (Zhang et al., 2013), and therefore we sought to compare them with triple-negative BCa

cells to see if TIE2 could act independently from the receptor status.

Before sorting After sorting
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Figure 19 FACS sorting MDA-MB-231 TIE2*! cells and PC-3 TIE2*! cells did not increase the TIE2 expressing cell
population. TIE2 expression was induced in MDA-MB-231 T/IE2® with and PC-3 TIE2 Dox (1pg/mL, 48 hours) before
FACS sorting TIE2* cells. After the sorting, the expression of TIE2 (1ug/mL Dox) in the sorted cells was evaluated by
flow cytometry. Results are represented as density plots (95% of cells), color gradient from lowest cell number (blue)
to highest cell number (red), outliers (5%) are represented as single dots. Values indicate the percentage of TIE2*
cells.

As control, MCF-7 cells were transduced to overexpress eGFP under the Tet-ON promoter as well. Cancer
cells were grown in the presence of Dox (1 ug/ml) for 48 hours before FACS sorting. However, we found
that there were fewer TIE2* MDA-MB-231 and PC-3 cells after the sorting (16.6% vs 10% in MDA-MB-231
TIE2"™ and 24.6% vs 3.4% in PC-3 TIE2™"). Therefore we had not been successful in enriching TIE2 expressing
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MDA-MB-231 and PC-3 cells (Figure 19). Nevertheless, we were able to increase the TIE2 expressing cell
population in MCF-7 cells from 24% before sorting to 86% after sorting (Figure 20 A). Interestingly we
found that a longer incubation with Dox (up to 10 days) could increase the amount of TIE2* cells to 99% of

all cells (Figure 20 B).

A B

10 days Dox

Before sorting After sorting

SSC

Figure 20 FACS sorting MCF-7 TIE2* cells selects for a TIE2 expressing cell population. A: TIE2 expression was
induced in MCF-7 TIE2™ with Dox (1ug/mL, 48 hours) before FACS sorting TIE2* cells. Before and after the sorting,
the expression of TIE2 in the sorted cells was evaluated by flow cytometry. B: TIE2 expression was evaluated after six
and ten days of Dox (1pg/ml) treatment to confirm the stability of TIE2 expression during experiments. Results are
represented as density plots (95% of cells), color gradient from lowest cell number (blue) to highest cell number (red),
outliers (5%) are represented as single dots. Values indicate the percentage of TIE2* cells.

3.3 TIE2 expression induces dormancy in MCF-7 BCa cells

3.3.1 TIE2 expression reduces the proliferation of MCF-7 cells

To determine if TIE2 expression affects the proliferation of cells we used an MTT cell proliferation assay to
compare the growth of MCF-7 TIE2™ and MCF-7 GFP™! control cells. A reduced proliferation rate could
indicate an increased rate of dormancy. When expressing eGFP in MCF-7 cells, in the presence of Dox,
there was no reduction in proliferation (Figure 21). However, after 8 days of Dox (0.5-1 ug/ml) treatment,
MCF-7 TIE2*! cells showed a significant reduction in proliferation in a dose-dependent manner, compared
to not TIE2 expressing MCF-7 TIE2*! cells. This suggested that TIE2 expression can reduce proliferation and

possibly induce dormancy.
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Figure 21 TIE2 expression reduces the proliferation of MCF-7 cells. MCF-7 T/IE2'' and MCF-7 eGFP*! cells were
cultured with or without Dox (0.5-1 ug/ml). The proliferation was assessed by MTT. Values are represented as the
average = SEM. *** p < 0.001 vs. vehicle-treated cells using a two-way ANOVA with Bonferroni post-test.

To evaluate if the TIE2 agonist ANGPT1 could lead to a further reduction in the proliferation, by activating
TIE2 downstream signaling, we added recombinant human ANGPT1 (0.5 pug/ml) to TIE2 expressing cells in
an MTT assay. However, we could not detect a further decrease in the cell proliferation than with Dox-
induced TIE2 expression alone (Figure 22). This suggested, that TIE2 expression alone is activating
downstream signaling, probably via autophosphorylation or activation through ANGPT1, present in the
fetal bovine serum in the growth medium, and therefore no additional effect of ANGPT1 can be detected.
Considering this result, we decided to not include ANGPT1 treatment, but only overexpress TIE2 in further
experiments. However, because MTT assays cannot distinguish between cell death and growth reduction,
a cell cycle analysis was conducted to determine if TIE2 expression does increase the amount of non-

growing cells.
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Figure 22 ANGPT1 does not decrease proliferation of TIE2* cells further. MCF-7 T/E2%! cells were cultured without
or with two concentrations of Dox (0.5 and 1 pg/ml) and Dox treated cells with or without ANGPT1 (0.5 pug/ml). The
proliferation was assessed by MTT. Values are represented as the average + SEM. *** p < 0.001 vs. vehicle-treated
cells using a two-way ANOVA with Bonferroni post-test.

3.3.2 TIE2 expression increases the number of cells in the Go/G1 cell cycle phase

We performed cell cycle analysis with MCF-7 eGFP™ and MCF-7 TIE2*! cells that had been cultured in the
presence of Dox for 9 days and the experiment was repeated three times for statistical analysis. The
expression of eGFP did not affect the number of cells in the different cell cycle phases (Figure 23 A).
However, expression of TIE2 led to a dose-dependent, significant increase of cells in the Go/G; phase, and
a significant decrease of proliferating cells in the S and G,/M phases of the cell cycle, compared to MCF-7
TIE2"" cells that did not express TIE2 (Figure 23 B). This observation was congruent with an induction of

dormancy in MCF-7 cells.
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Figure 23 TIE2 expression increases the number of MCF-7 cells in the Go/G: cell cycle phase. Representative
histograms of a cell cycle analysis of MCF-7 eGFP*t and MCF-7 TIE2% cells cultured in the presence or absence of Dox
(0.5-1 pg/ml) for 9 days. Percentages of non-proliferating (Go/G1) and proliferating (S + G2/M) cells are indicated.
Average percentages of cells in Go/Gs, S, and G2/M + SEM obtained from three independent cell cycle analyses.
Average percentage of cells +SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001 using a two-way ANOVA with Bonferroni

post-test.

3.3.3 TIE2 increases the expression of dormancy markers and reduces proliferation marker

expression

TIE2 expression reduces the proliferation and increases the amount of MCF-7 TIE2* cells in the Go/G:
phase of the cell cycle, which is congruent with a dormancy inducing effect. To measure if TIE2 expression

influences the expression of genes associated with proliferation and cell cycle arrest we used RT-gPCR.

Treating cells with Dox did not affect the proliferation marker Ki67 (MKI67) expression in MCF-7 eGFP"™!
control cells (Figure 24). However, there was a significant reduction of Ki67 expression in MCF-7 TIE2"!
cells when TIE2 was expressed. This was congruent with a reduced cell proliferation and fewer cells in the
S and G,/M phase of the cell cycle. Similarly, we observed a significant down-regulation of the proliferation

marker PCNA when TIE2 was expressed in MCF-7 TIE2'! cells but not when eGFP was expressed in the
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presence of Dox in the control cells (Figure 24). The dormancy markers p21“"* (CDKN1A) and p2 7
(CDKN1B) have been reported as markers of dormancy in tumor cells (Sosa et al., 2014). Congruent with
our previous results we saw no effect of Dox on the expression of p21 or p27 in MCF-7 eGFP™! control cells.
However, TIE2 expression significantly increased p21 and p27 expression in MCF-7 TIE2" cells (Figure 24).
Interestingly cyclin D1 (CCND1), which is highly expressed in the G; phase before S phase transition (Baldin
et al.,, 1993), showed no significant up-regulation in TIE2 expressing MCF-7 TIE2%! cells or GFP expressing
MCF-7 eGFP™ cells (Figure 24). This may indicate that cells are not arrested at the end of the G; phase but

an earlier point in the cell cycle.
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Figure 24 TIE2 expression reduces expression of proliferation marker genes and increases expression of dormancy
marker genes in MCF-7 cells. Expression of Ki67 (MKI67), PCNA, p21 (CDKN1A), p27 (CDKN1B), and cyclin D1 (CCND1)
in MCF-7 TIE2"* or eGFP*! cells cultured *Dox (1 pug/mL) for 9 days. Results are represented as the average gene
expression *SEM vs. MCF-7 TIE2® vehicle-treated cells. * p < 0.05, ** p < 0.01, and *** p < 0.001 using a two-way
ANOVA with Bonferroni post-test.
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3.3.4 TIE2 reduces the sensitivity of MCF-7 cells to 5-Fluorouracil

It has been reported that dormancy is reducing the sensitivity of cancer cells to chemotherapeutic agents
due to their lack of proliferation and reduced metabolism (Naumov et al.,, 2003). A widely used
chemotherapeutic drug is 5-Fluorouracil (5-FU), an analog of the pyrimidine base uracil. It is used either
alone or in combination with other chemotherapeutics in BCa treatment and a variety of other cancers
(Longley et al., 2003). Therefore we sought to evaluate if the state of dormancy induced by TIE2 in MCF-7
cells would also be able to decrease their sensitivity to 5-FU. We cultured MCF-7 eGFP™ and MCF-7 TIE2"!
cells in the presence of Dox (1 pg/ml) for 6 days before adding different concentrations of 5-FU. The

survival was measured with an MTT assay four days after the addition of 5-FU.
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Figure 25 TIE2 expression increases the resistance to 5-Fluorouracil in MCF-7 cells. MCF-7 TIE2" and MCF-7 eGFP*!
cells were cultured with or without Dox (1 pg/mL) for 10 days. After 6 days, 5-Fluorouracil (5-FU) was added to the
cells for 4 more days before measuring cell survival. Viability was assessed by MTT, and values are represented as
the average + SEM. *** p < 0.001 vs. vehicle-treated cells, using a two-way ANOVA with Bonferroni post-test.

We found that 5-FU concentrations from 50 to 200 uM decreased the amount of viable MCF-7 eGFP™! cells
while the addition of Dox did not cause any significant changes in the survival rate (Figure 25). In MCF-7
TIE2™ cells, the viability of cells was also significantly decreased in the presence of 5-FU. However, the
expression of TIE2 in the presence of Dox significantly decreased the sensitivity of the cells to 50 to 200

UM 5-FU, increasing the survival rate by around 40% compared to the non TIE2 expressing MCF-7 TIE2™!
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cells (Figure 25). Thus, expression of TIE2 in MCF-7 BCa cells resulted in a decreased sensitivity to the

chemotherapeutic agent 5-FU, which is consistent with the characteristics of dormancy.

In conclusion, it could be shown that TIE2 expression significantly reduces cell proliferation and the
number of cells in the S and G,/M phase while increasing cells in the Go/G; phase of the cell cycle. These
observations were complemented by a reduced proliferation marker expression and an increase of
dormancy markers. These results were complemented by a reduced sensitivity to the chemotherapeutic
5-FU, which is consistent with an increased rate of dormant cells. Together these results indicated that

TIE2 expression is sufficient to induce dormancy in MCF-7 breast cancer cells.
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3.4. Inhibition of TIE2

3.4.2 No TIE2-binding shark vNAR was found in the first phage selection

To find a shark vNAR antibody to neutralize TIE2, phage display was used. In this approach, the different
vNARs are fused to the plll protein at the tip of the phage M13. Therefore the vNAR that can bind to TIE2

is coupled physically with its coding DNA sequence in the phage.

Due to the difficulties to obtain a cell line with constitutive expression of TIE2 we transfected human
embryonic kidney cells (HEK 293T) with the pLUM1-TIE2 plasmid to overexpress TIE2. After transfection,
around 45% of the HEK 293T cells were TIE2*, two days after the transfection, and were subsequently used

for the selection process (Figure 26).
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Figure 26 HEK 293T cells express TIE2 after transfection. HEK 293T cells were transfected with pLIM1-TIE2 to obtain
TIE2 expressing cells, for the selection of phages that can bind TIE2. The cells were analyzed by flow cytometry 48
hours after the transfection. Results are represented as density plots (95% of cells), color gradient from lowest cell
number (blue) to highest cell number (red), outliers (5%) are represented as single dots. Values indicate the
percentage of TIE2* cells.

To monitor the selection process during the different rounds of panning, the number of phages that were
present at the beginning of the panning (Input) and the number of phages that were selected in the
panning (output) was quantified. The number of phages in the Input for each round of panning was in the
range of 1-3x10*2 phages while the output dropped from 2 to 3x10°to around 10° after the second panning
and increased again to 5 to 8x10° on the last day of panning (Table 5). Though it has to be noted that the
output does not show how many phages with an individual vNAR binding motive there are in the

population but the total amount of recovered phages.
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Table 5 Inputs and outputs of phages in the four rounds of panning. The input and output of the pannings were
calculated from plated E. coli colonies. Input was from a serial dilution of phages and the outputs were taken from a
dilution of the output E. coli suspension.

Panning Input Output (10ul) Output (100 pi)
Round 1 2.19x10%? 2.40 x10° 2.98 x10°
Round 2 3.05 x10%? 8.0 x10° 1.19 x10°
Round 3 1.07 x10%? 9.68 x10° 2.88 x10°
Round 4 1.17 x10%? 8.56 x10° 5.44 x10°

From the third round of panning three phagemid candidates were sequenced and 15 candidates from the
fourth round of panning. In 16 phagemid candidates, the CDR3 region was not mutated and represented
one of the original T1, TN16, and T20 libraries. Three phagemids showed a mutated CDR3 region, named
#1.4.3, #1.4.8, derived from the T1 library, and #1.4.16, from the T20 library (Figure 27). The candidate
#1.4.8 had no amber stop codon in the CDR3 sequence, that could inhibit translation of the vNAR in BL21
(DE3) E. coli that are used for vNAR expression, while the phagemids #1.4.3 and #1.4.16 had additional

amber stop codons in the CDR3 sequence (Figure 27).
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Figure 27 Alignment of vNAR candidate sequences shows three candidates with a mutated CDR3 region. The vNAR
candidates from the first phage selection were sequenced and aligned with the corresponding library reference.
Missing Nucleotides compared to the reference sequence are marked with ---. The corresponding amino acid is
shown under the DNA sequence, * marks an amber stop codon, highlighted with a red box.

In order to increase the pool of TIE2 binding vNAR candidates, we used a mixture of oligonucleotides that
would bind in the CDR3 regions of the three phage libraries T1, TN16, and T20 and result in three different

sized products for each phage library. In mutated CDR3 regions, the oligonucleotides would not bind and
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there would be no amplification in the PCR. Indeed we saw that the reference phagemids of the T1, TN16,
and T20 libraries showed products with the correct sizes of 271 bp, 302 bp and 250 bp respectively. The
three sequenced phages, #1.4.3, #1.4.8 and #1.4.16, had very few or no PCR product (Figure 28 A),
indicating that the screening process would be able to distinguish mutated from non-mutated phagemids.
We identified several candidates that showed no PCR product and therefore seemed to have a mutated
CDR3 region (Figure 28 B). The vNAR candidates were then expressed as vNAR-plll fusion protein on the
tip of phages and used in a phage ELISA. However, upon testing, none of the candidates was binding to
TIE2 expressing cells better, than to the control cells, while candidate #1.4.24 was significantly better
binding to the TIE2™ control cells (Figure 28 C). When we repeated the ELISA we found that none of the
candidates was binding better to the control cells than to TIE2 expressing cells (data not shown). Therefore

it was decided to repeat the phage selection to find more candidates.
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Figure 28 Additional vNAR candidates seem to have a mutated CDR3 region but do not bind to TIE2. A: 1% agarose
gel with PCR products of T1, TN16, and T20 reference phagemids and the sequenced candidates. Expected fragment
sizes T1: 271 bp, TN16: 302 bp, and T20: 250 bp B: 1% agarose gel with PCR products of some additional vNAR
candidates. C: Phage ELISA of vNAR candidates binding to 293T cells transfected to express TIE2. vNARs were
expressed on the tip of phages and binding was revealed by an anti-M13-HRP conjugated antibody using TMB as a
substrate. Results are represented as the average absorbance at 450 nm +SEM *** p < 0.001 using a two-way ANOVA
with Bonferroni post-test.
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3.4.3 A TIE2-binding VNAR candidate of the second phage selection could not be purified

For the second phage selection parental MDA-MB-231 and TIE2 expressing MDA-MB-231 TIE2'" were used
for negative and positive selection, respectively. The expression of TIE2 was induced, using Dox, starting
48h before each panning step. The number of phages in the Input for each round of panning was in the
range of 3x10% to 1.5x10%® phages while the output increased from around 108 after the first round of

panning to 2 to 3.5 x10° on the last day of panning (Table 6).

Table 6 Inputs and outputs of second phage selection. Input and output of the pannings were calculated from
plated E. coli colonies. Input was from a serial dilution of phages and the outputs were taken from a dilution of the
output E. coli suspension. nd: not determined

Panning Input Output (10ul) Output (100 pt)
Round 1 nd 7.20 x10° 1.11 x10°
Round 2 1.5x10%® 4.80 x10° 1.70 x10°
Round 3 3 x10% 1.44 x10° 2.25 x10°
Round 4 9 x10%° 3.52 x10° 2.02 x10°

From the third and fourth rounds of panning 40 phagemids were sequenced and 10 of them showed a
mutated CDR3 region (Figure 29). Five phagemids were derived from the T1 library while three and two
were from the TN16 and T20 libraries, respectively. Eight candidates had amber stop codons in the CDR3
region while phagemid candidates #2.3.5 and #2.4.12 had no amber stop codon in their CDR3 region. This

would allow the expression of the vNAR in an E. coli strain without amber stop codon suppression.
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Figure 29 Alignment of vNAR candidate sequences shows ten candidates with a mutated CDR3 region. The vNAR
candidates from the second phage selection were sequenced and aligned with the corresponding library reference.
Missing Nucleotides compared to the reference sequence are marked with ---. The corresponding amino acid is
shown under the DNA sequence, * marks an amber stop codon, highlighted with a red box.

The vNAR candidates were then expressed as vVNAR-plll fusion protein on the tip of phages and used in a

phage ELISA. Parental MDA-MB-231 and PC-3 cells and TIE2 expressing MDA-MB-231 TIE2*' and PC-3

TIE2™ cells were used to bind vNAR candidates. The candidate #2.3.5 bound significantly better to TIE2

expressing MDA-MB-231 TIE2™! cells than to MDA-MB-231 control cells (Figure 30 A) while there was no

increased binding to PC-3 TIE2"" cells, expressing TIE2, than to PC-3 control cells (Figure 30 B). Similarly,

the candidates #2.4.23 and #2.4.28 did not bind significantly better to TIE2 expressing MDA-MB-231 T/IE2"*

cells than to MDA-MB-231 control cells (Figure 30 A) while they were binding significantly better on TIE2

expressing PC-3 TIE2" cells compared to PC-3 control cells (Figure 30 B). The vNAR candidate #2.4.12 was

binding to TIE2 on MDA-MB-231 T/E2"' and PC-3 TIE2' cells expressing TIE2 significantly better than to

control cells (Figure 30 A and B).
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Figure 30 The vNAR candidate #2.4.12 binds to TIE2 expressing cells. A: Phage ELISA of vNAR candidates binding to
MDA-MB-231 and TIE2* MDA-MB-231 TIE2* cells. vNARs were expressed on the tip of phages and binding was
revealed by an anti M13 HRP conjugated antibody, using TMB as substrate. TIE2 expression was induced 48 hours
before the assay using Dox (1pg/ml). The T1 phage served as a negative control. Results are represented as the
average absorbance at 450 nm +SEM ** p < 0.01 using a two-way ANOVA with Bonferroni post-test. B: Phage ELISA
of VNAR candidates binding to PC-3 and TIE2* PC-3 TIE2'! cells. vNARs were expressed on the tip of phages and
binding was revealed by an anti M13 HRP conjugated antibody, using TMB as substrate. TIE2 expression was induced
48 hours before the assay using Dox (1ug/ml). Results are represented as the average absorbance at 450 nm £SEM *
p <0.05, ** p<0.01, and *** p < 0.001 using a two-way ANOVA with Bonferroni post-test.

Therefore we decided to express VNAR candidate #2.4.12 in BL21 (DE3) E. coli, without the phage plll
protein, and purify it. After the transformation of the vNAR candidate #2.4.12 E. coli, the protein
expression was induced with IPTG (1mM). To release the vNAR the E. coli cells were first treated with
sucrose buffer and afterward, an osmotic shock with MgSQO, solution ruptured the outer membrane and
released the content of the periplasm. As a control, a vNAR against carcinoembryonic antigen was
expressed in parallel. Using Western Blot, the control vNAR was detected in the sucrose extract and the

MgSO, extract, indicating that the vNAR was present in the periplasm. The vNAR # 2.4.12 was present in
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the sucrose buffer while there was less antibody binding in the MgS0O, extract compared to the control
vNAR. This suggested that there was a reduced export of the VNAR to the periplasm. (Figure 31 A). After
purification with Ni-NTA resin, we found only vNAR in the flow-through fraction and the extracts that had
been loaded on the resin, but not in the elution fractions. This indicated that the vNAR could not bind to
the Ni-NTA resin. Two more repetitions of this experiment showed the same result (data not shown).
Other purification methods, such as affinity chromatography might be used to attempt purification.
However, the binding of the vNAR to TIE2 had been shown in a phage ELISA but the ability of this vNAR
candidate to inhibit TIE2 is yet unknown. Therefore we wanted to find additional candidates that might be

easier to purify.

+ control
#2.4.12
vNAR
Sucrose extract + - + -
MgSO, extract - + - +

25kD

20 kD
15 kD

10 kD
10 kD

Figure 31 The vNAR candidate #2.4.12 can be expressed but not purified with Ni-NTA resin. A: Western Blot of
VNAR 2.4.12 and a positive control vNAR (carcinoembryonic antigen (CEA)) from the solutions of the Sucrose and
MgS0O4 using an anti-HA-HRP conjugated antibody and DAB to reveal antibody binding. B: Western blot of the
different fractions run through the Ni-NTA column. The presence of VNAR was determined by an anti-HA-HRP
conjugated antibody and DAB to reveal antibody binding. kD: kilo Dalton, arrow indicates the vNAR

3.4.4 The third phage selection does not result in TIE2-binding vNAR candidates

Since we had not been able to purify the vNAR candidate #2.4.12 we decided to find an alternative vNAR
candidate. We repeated the selection process, however for the release of the phages from TIE2 we used
a commercial TIE2 binding antibody. We reasoned that the competitive binding on TIE2 could release TIE2
binding phages. Like before, parental MDA-MB-231 and TIE2 expressing MDA-MB-231 TIE2™" cells were

used for the selection. The expression of TIE2 was induced with Dox (1 ug/ml) starting 48h before each
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panning step. The input and output of this phage selection could not be determined, however, after four
rounds of panning 20 candidates were sequenced and six candidates showed a mutated CDR3 region. One
candidate was derived from the T1 library while two and three candidates were derived from the TN16
and T20 libraries, respectively. Only candidate #3.4.22 had no amber stop codon while the other

candidates had one or more amber stop codons (Figure 32).
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Figure 32 Alignment of vNAR candidate sequences shows six candidates with a mutated CDR3 region. The vNAR
candidates from the third phage selection were sequenced and aligned with the corresponding library reference.
Missing Nucleotides compared to the reference sequence are marked with ---. The corresponding amino acid is
shown under the DNA sequence, * marks an amber stop codon, highlighted with a red box.

Subsequently, we evaluated the binding of the candidates to TIE2 expressing, 4T1 cells that had been
transduced to express TIE2 under the Tet-ON promoter and were clonally selected, called 4T1 TIE2™!, with
a phage ELISA. However, none of the candidates showed binding to TIE2 expressing cells (Figure 33). As
this was the third attempt to find a TIE2 binding vNAR it was decided to not further search for a TIE2
binding vNAR but use a different approach to inhibit TIE2.
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Figure 33 No vNAR candidate from the third phage selection binds TIE2. Phage ELISA of vNAR candidates binding to
4T1 TIE2* cells. vNARs were expressed on the tip of phages and binding was revealed by an anti M13 HRP conjugated
antibody, using TMB as substrate. TIE2 expression was induced 48 hours before the assay using Dox (1pug/ml). The T1
phage served as a negative control. Results are represented as the average absorbance at 450 nm +SEM, non-
significant differences, using a two-way ANOVA with Bonferroni post-test.

3.4.5 Rebastinib does not reverse the growth inhibitory effect of TIE2

We wanted to inhibit TIE2 signaling to test if the dormancy inducing effect we could observe in MCF-7 cells
could be reversed. Recently the small molecule kinase inhibitor rebastinib (DCC-2036) had been used to
inhibit TIE2 (Harney et al., 2017). It was shown that the IC50 of rebastinib for TIE2 (0.058 nmol/l) was 3
times less than the IC50 for the next similar kinase TRKA (neurotrophic receptor tyrosine kinase) (0.17

nmol/l) in an in vitro kinase phosphorylation assay (Harney et al., 2017).

We evaluated the effect of rebastinib on inhibiting the TIE2 function with an MTT assay, using the
previously established cell line MCF-7 TIE2'!. We induced the expression of TIE2 with Dox (1 pg/ml) and
treated the cells with increasing doses of rebastinib. In the DMSO vehicle control, the expression of TIE2
significantly reduced cell viability compared to the TIE2" control cells. However, increasing doses of
rebastinib did not reverse the decreased viability of TIE2. Instead, we found that increasing doses of
rebastinib significantly decreased the viability of the cells regardless of TIE2 expression or not (Figure 34).
This may indicate that rebastinib did not only inhibit TIE2 but other kinases as well, leading to reduced
viability. Together with the unsuccessful attempts to obtain a TIE2 inhibiting vNAR we decided to not

further peruse to inhibit TIE2 but instead focused on the effects of TIE2 expression in vivo.
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Figure 34 Rebastinib does not inhibit reduced proliferation in TIE2 expressing MCF-7 cells. MCF-7 TIE2™! cells were
cultured with or without Dox (1 pug/ml) and increasing doses of rebastinib. The proliferation was assessed by MTT
after ten days of culture. Values are represented as the average + SEM. *** p <0.001 vs. vehicle-treated cells without
Dox using a two-way ANOVA with Bonferroni post-test.

3.5 TIE2 expression reduces tumor growth and bone metastasis

3.5.1 A TIE2 expressing 4T1 TIE2'! clone is obtained by clonal selection

As we had seen a dormancy inducing effect of TIE2 in vitro we wanted to evaluate the ability of TIE2 to
induce dormancy in vivo. For this, we decided to use the triple-negative mouse BCa cell line 4T1 that can
be inoculated in immunocompetent Balb/C mice, to induce the formation of mammary fat pad tumors or
bone metastases. We transduced 4T1 cells to express TIE2 conditionally with a Tet-ON promoter, as
described before. As we had not been able to use FACS sorting to obtain TIE2 expressing 4T1 cells, we
decided to use a clonal selection approach. From a pool of 4T1 TIE2*!cells, we could obtain a clone, further
referred to as 4T1 TIE2* by using limiting dilution. Before the selection, there were 21% of the cells

expressing TIE2. After the selection process, the clone 4T1 TIE2*" had 99% TIE2* cells (Figure 35).
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Figure 35 Selection of a 4T1 TIE2*! clone with a high amount of TIE2* cells. 4T1 TIE2'*! cells were seeded with limiting
dilutions and clones were expanded. After 48 hours Dox (1 pg/ml) treatment TIE2 expression was evaluated by flow
cytometry. Results are represented as false color density plots (95% of cells), color gradient from lowest cell number
(blue) to highest cell number (red), outliers (5%) are represented as single dots. Values indicate the percentage of
TIE2" cells.

3.5.2 TIE2 expression reduces the growth of orthotopic 4T1 TIE2!!tumors

Although we had not seen an effect of Dox on the growth of MCF-7 cells we wanted to exclude that Dox
has an effect on tumor formation of 4T1 cells in an orthotopic tumor model. Parental 4T1 cells that had
been treated with Dox (1 pg/ml) or not 48 for hours, were inoculated in the 4" mammary fat pads of
Balb/C mice. During the experiment, mice received Dox in their drinking water (0.5 mg/ml), starting 48
hours before the inoculation, to reach a stable plasma level of Dox (Figure 36 A). We monitored the water
consumption to detect possible dehydration in the mice, as they might avoid drinking water that is bitter
due to the Dox. However, there was no significantly different water consumption between mice receiving

or not Dox in their drinking water, during the time of the experiment (Figure 36 B).
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Figure 36 Dox does not affect the water consumption of Balb/C mice. A: 4T1 parental cells were cultured in the
presence or absence of Dox (1 ug/ml) for 2 days before being inoculated bilaterally, in the 4th mammary fat pad of
mice receiving or not Dox in their drinking water (0.5 mg/ml) starting two days before inoculation (n = 8 per group).
B: Water consumption was measured throughout the experiment. Results are represented as the average + SEM.
using a two-way ANOVA with Bonferroni post-test.

The tumor growth was measured during the experiment and there was no significant difference in the
tumor growth between mice that were receiving Dox or not in their drinking water (Figure 37 A).
Consistent with this, the final weight of excised tumors was also not significantly different between mice

that had received Dox or not (Figure 37 B).
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Figure 37 Dox does not affect the growth of orthotopic 4T1 tumors. A: The volumes of tumors were measured
throughout the experiment. B: The weight of excised tumors was measured at the time of euthanasia. Results are
represented as the average + SEM. p values as indicated using a two-way ANOVA with Bonferroni post-test (A) and
(B) using an unpaired Student’s t-test
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To evaluate the effect of TIE2 on tumor growth we then inoculated 4T1 T/IE2™ cells, which had been treated
with Dox (1 pg/ml) for 48 hours before inoculation, into the 4™ mammary fat pads of Balb/C mice (7 mice
per group). The mice had been receiving Dox in their drinking water (0.5 mg/ml), starting 2 days before
inoculation (Figure 38 A). The water consumption was monitored during the experiment and there was no

significant difference between mice receiving Dox or not in their drinking water (Figure 38 B).
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Figure 38 Dox does not affect the water consumption of Balb/C mice. A: 4T1 TIE2*! cells were cultured in the
presence or absence of Dox (1 pug/ml) for 2 days before being inoculated bilaterally, in the 4th mammary fat pad of
mice receiving or not Dox in their drinking water (0.5 mg/ml) starting two days before inoculation (n = 7 per group).
B: Water consumption was measured throughout the experiment. Results are represented as the average + SEM.
using a two-way ANOVA with Bonferroni post-test.

During the experiment, the tumor growth of 4T1 TIE2'! cells, was significantly reduced in the mice
receiving Dox, compared to the control group, resulting in 33% less average tumor volume at the end of
the experiment (p < 0.001) (Figure 38 A). After euthanasia, the tumors were dissected and weighted and
there was also a significant reduction of 32% in the average tumor weight in mice that had received Dox

compared to the control mice (p = 0.0056) (Figure 39 B).
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Figure 39 TIE2 reduces the growth of orthotopic 4T1 TIE2*! tumors. A: The tumor volumes were measured
throughout the experiment. B: The weight of excised tumors was measured at the time of euthanasia. Results are
represented as the average + SEM. ** p < 0.01 and *** p < 0.001 vs. control mice using a two-way ANOVA with
Bonferroni post-test (A) and t1 p < 0.01 using an unpaired Student’s t-test (B).

It has been reported that 4T1 cells can metastasize spontaneously from subcutaneous and orthotopic
tumors, to other organs, including the lungs (Zhang et al., 2018). We, therefore, examined H&E stained
sections of the lungs from both groups, however, we could not detect lung metastasis in either group

(Figure 40).

There had not been an effect of Dox on the growth and final weight of parental 4T1 tumors. Yet when 4T1
TIE2"" inoculated mice received Dox there was a significant reduction in growth and final tumor weight,

showing that this was due to TIE2 expression and not the presence of Dox.
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Figure 40 Lung sections of mice with orthotopic tumors of 4T1 TIE2*! cells had no metastases. Representative
images of H&E stained lung sections of Balb/C mice with orthotopically growing 4T1 TIE2"' tumors, treated or not
with Dox (0.5 mg/ml) in their drinking water. Representative sections showing alveoli and capillaries, with
erythrocytes, in bright red, nuclei stained blue.

3.5.3 TIE2 expression reduces osteolytic bone metastasis

We mimicked the dissemination and homing process of cancer cells to the bone, by inoculating 4T1 cells
in the left cardiac ventricle of Balb/C mice. After the injection the cancer cells dispersed through the
bloodstream and homed to the bone, resulting in bone metastasis. To induce TIE2 expression the mice
needed to receive or not Dox in their drinking water, as described before. However, it has been reported
that Dox (10mg Dox pellets, subcutaneous, over 21 days) reduced osteolysis in an MDA-MB-231 bone
metastasis model (Duivenvoorden et al., 2002). Therefore we wanted to exclude a possible effect of Dox
on the osteolytic capability of 4T1 cells. We inoculated parental 4T1 cells, treated or not with Dox (1pg/ml)
for 48 hours before inoculation, in the left cardiac ventricle of Balb/C mice that received or not Dox (0.5

mg/ml) in their drinking water, starting three days before inoculation.



83

A B
Control Dox OSte?:::sz)area
82% (5 of 6) 80% (4 of 5) - p=0.73
Osteolytic mice Osteolytic mice
15 1 °

- .I
11 T
© -

0.5 1 ° .

O T L\l

Control Dox

Figure 41 Dox does not reduce the osteolysis area of 4T1 bone metastasis. A: Representative radiographs of the
hind limbs of mice (white arrows indicate osteolysis area). B: Analysis of the measured osteolysis area. p-value as
indicated using a Mann—Whitney test.

After 11 days the mice were euthanized and the hind limbs were collected. After formalin fixation
radiographs were taken. There was no difference in the presence of osteolytic metastasis between control
mice (5 of 6 mice, 82%) and mice that had received Dox (4 of 5 mice, 80%) (Figure 41 A). The average
osteolysis area on the radiographs of mice was also not significantly different between control mice and
mice that had received Dox (1 mm? vs 0.84 mm?, p = 0.73) (Figure 41 B). This indicated that in this model,

Dox did not affect the ability of 4T1 cells to induce bone lysis.

We then inoculated 4T1 TIE2*! cells, treated with Dox (1 pg/ml) or not for 48 hours, in the left cardiac
ventricle of Balb/C mice, receiving Dox in their drinking water (0.5 mg/ml), as described before (Figure 42
A). Mice receiving Dox did not reduce their water consumption compared to control mice. However, there
was a significant reduction in water consumption in both groups, starting on day 9 after the inoculation of
the cancer cells, compared to the day before the inoculation (Figure 42 B). Together with an increased
scruffiness of their fur, this indicated that their condition started to worsen and the mice were euthanized

on day 11.
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Figure 42 Dox does not reduce the water consumption of Balb/C mice. A: 4T1 TIE2'*! cells were cultured in the
presence or absence of doxycycline for 2 days before being inoculated bilaterally, in the 4th mammary fat pad of
mice receiving or not doxycycline in their drinking water starting three days before inoculation (n = 7 per group). B:
Water consumption was measured throughout the experiment. Results are represented as the average + SEM. * p <
0.05 and ** p < 0.01 vs. day -1 using a two-way ANOVA with Bonferroni post-test

After euthanasia, we dissected and fixed the hind limbs and obtained radiographs. The control mice
presented osteolytic lesions in 71.4% of the radiographs (6 of 7 mice), while 50% of the mice receiving Dox
had osteolytic lesions (3 of 6 mice) (Figure 43 A). A quantification of the lysis area showed a 50% (p = 0.024)
decrease of the osteolysis area when TIE2 had been expressed in the presence of Dox compared to the

control group (Figure 43 B).
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Figure 43 TIE2 reduces the osteolysis area of 4T1 TIE2* bone metastasis. A: Representative radiographs of the hind
limbs of mice (white arrows indicate osteolysis area). B: Analysis of the measured osteolysis area. * p < 0.05 using a
Mann-Whitney test.
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To confirm that cancer cells were present in the bone marrow of the hind limbs, we performed histological
analysis of bone sections stained with hematoxylin, eosin, and orange G. We were able to detect the
presence of skeletal tumors in 86% of the mice regardless of treated with Dox or not (Figure 44). This
indicated that TIE2 expression did not prevent or affect the ability of cancer cells to disseminate to the
bone marrow. However TIE2 expression reduced the ability of 4T1 TIE2' cells to induce osteolysis.
Together with the effect of TIE2 expression on orthotopic tumor growth, these results were consistent
with an increased number of dormant cancer cells, when TIE2 is expressed, which we had also observed

when we expressed TIE2 in the MCF-7 TIE2*! cells.

Control Dox
86% (6 of 7) 86% (6 of 7)
skeletal tumor skeletal tumor

Figure 44 TIE2 expression does not reduce the number of skeletal tumors. The presence of skeletal tumor burden
of Balb/C mice inoculated with 4T1 TIE2'* intracardially was assessed using tissue sections stained with hematoxylin,
eosin, and orange G (representative sections). The yellow dotted lines contour and indicate the skeletal tumor
burden.
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Chapter 4. Discussion

Although bone metastasis development usually follows after the removal of the primary tumor and a
remission period, it has been shown that the spread of DTCs that form into bone metastasis, can already
have happened in early tumor stages. In a study of Braun et al. ( 2005) 25 to 33% of patients with primary
BCa tumors of <2cm (pT1) and <5 cm (pT2) already had DTCs in their bone marrow. Similarly in 26% of BCa
patients without lymph node metastasis (pNO) DTCs were detected in the bone marrow (Braun et al.,
2005). Unfortunately, this early spread of cancer cells means that this process cannot be prevented and

some cancer patients will have DTCs in different organs, including the bones.

However DTCs may not start to proliferate immediately after they arrive in the bone and form metastases
but instead stay in a dormant phase, out of which many DTCs may never awake (Klein, 2011). During this
stage, their metabolism decreases, and their cell cycle is arrested in the Go phase. Thus they are protected
from chemotherapeutic treatments and radiation therapy which are most efficient in proliferating cells.
Nevertheless, due to not yet completely understood circumstances DTCs may start to proliferate again
and therefore pose a constant relapse risk. Unfortunately, this can happen several years and even decades
after the initial cancer diagnosis and presumed healing. One study found that there were sporadic BCa
recurrences up to 20 years after initial diagnosis and a significantly increased mortality up to 25 years after
cancer diagnosis compared to the general population (Karrison et al.,, 1999). DTCs home and enter
dormancy in the same niche as HSCs and also use some of the same mechanisms that induce dormancy in
HSCs. For example, BMP-7 and GAS-6 were identified to induce dormancy both in DTCs and in HSCs (Avanzi
et al., 1997; Bhatia et al., 1999; Kobayashi et al., 2011; Shiozawa et al., 2010b). Although more and more
of the dormancy inducing mechanisms have been identified none of them is used as a therapeutic target
either for inducing or preventing dormancy so far. One factor that was found to induce dormancy and
maintained repopulation ability in HSCs is the signaling axis of ANGPT1 and TIE2 (Arai et al., 2004). In PC-
3 PCa cells TIE2 activation also induced dormancy and resistance to a chemotherapeutic drug (Tang et al.,
2016). However, as TIE2 is also important in angiogenesis in tumors and several drugs targeting the
ANGPT/TIE2 pathway are under development and have entered clinical trials (Biel and Siemann, 2016;
Cortes et al., 2017; Neal and Wakelee, 2010). Considering that TIE2 signaling may induce dormancy in DTCs
in the bone, which could be inhibited by anti TIE2 therapies, we sought to investigate the role of TIE2 in
the dormancy of BCa cells and bone metastasis. For this purpose, we used in vitro and in vivo experiments

as well as clinical data.
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4.1 TIE2 induces dormancy in BCa cells

To obtain a cellular model system that was suitable for evaluating the effect of TIE2, we analyzed 10
established BCa and PCa cell lines for their TIE2 expression. However, there was no or very low TIE2 protein
expression on the membrane of the cells and this was mirrored in a very low TIE2 mRNA expression (<1300
times less than in endothelial HUVEC). Interestingly the TIE2 expression was low independent of ER, PR,
HER2/neu, or androgen receptor (AR) receptor status or the ability to form osteoblastic or osteolytic bone
metastasis in all tested BCa and PCa cell lines. Similar to our results, Tang et al. (2016) also found very few
(0.4%) TIE2* PC-3 cells in their study (Tang et al., 2016). In a similar manner oral squamous cell carcinoma
(OSCC) derived cancer cell lines also had a very low TIE2 protein and mRNA expression in comparison with
untransformed oral keratinocytes (Kitajima et al., 2016). These results indicated that at least in BCa, PCa,

and OSCC cell lines the TIE2 expression is low in proliferating cells.

When we overexpressed GFP in BCa and PCa cell lines we were able to obtain 99% GFP+ cells after the
puromycin selection whereas when we overexpressed TIE2 in BCa and PCa cell lines the number of TIE2*
cells was diminishing despite puromycin selection. This indicated that TIE2 served as a growth
disadvantage. Similarly, we saw a decrease of TIE2 expressing cells over time, using a Tet-ON inducible

promoter.

However, when we used FACS sorting, we obtained MCF-7 TIE?¢t cells that expressed TIE2 in 99% of the
cells after 10 days of growth with Dox. When MCF-7 TIE?**t cells expressed TIE2, we observed a reduced
proliferation, fewer cells in the S and M cell cycle phase, and a reduced expression of the proliferation
markers Ki67 and PCNA compared to non TIE2 expressing cells or GFP expressing control cells. On the
other hand, we found an increase of cells in the Go/G; cell cycle phase and significant increases in dormancy
marker expression p21 and p27 but not the cell cycle marker cyclin D1 (CCND1) mRNA. CCND1 is expressed
at the end of the G; phase before the transition into the S phase of the cell cycle (Baldin et al., 1993) and
therefore our results suggest that the cells are either in the Go or early G; phase of the cell cycle.
Subsequently, TIE2 expression also reduced the sensitivity to the chemotherapeutic 5-FU which has
cytotoxic effects on growing cells, through its incorporation in DNA and RNA during synthesis (Grem,
2000). These results showed that TIE2 can induce dormancy in MCF-7 cells. To further distinguish if cells
are stuck in the Gy or early G; phase, a dual staining with Hoechst 33342 (DNA) and Pyronin Y (RNA) could
be performed. Cells in Go have less mRNA and thus less Pyronin Y staining than cells in the G; phase, which

would allow to distinguish them (Eddaoudi et al., 2018).
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TIE2 induced dormancy explained how TIE2 expressing cancer cells had a growth disadvantage and how
TIE2 expressing cells could be lost over time in culture. Interestingly when we added ANGPT1 to TIE2
expressing MCF-7 there was no additional reduction in the proliferation. This suggests that either the
expression of TIE2 is high enough to induce autophosphorylation or that bovine ANGPT1 in the FBS used
in the growth medium can activate TIE2. To differentiate the two possibilities charcoal stripping of the
serum to capture bovine ANGPT1 could be performed, as described by others (Han et al., 2016). Also, it
might be interesting to test how high TIE2 expression levels have to be in order to observe an effect, using
different concentrations of Dox to induce TIE2 expression. This might be helpful when translating TIE2

expression as a prognosis marker in a clinical setting.

Unfortunately, we had not the time to elucidate the signaling pathways that lead to p21 and p27
expression and dormancy induction. In PC-3 cells the phosphorylation of TIE2 coincided with
phosphorylation of AKT and increased presence of p27 protein (Tang et al., 2016) which is similar to the
increased expression of p27 mRNA that we found. In HSCs p27 also is an essential factor to maintain
quiescence or dormancy (Zou et al., 2011) and TIE2 is a major inducer of HSC dormancy (Arai et al., 2004).
In endothelial cells, TIE2 can induce p21 expression through phosphorylation of Signal Transducers and
Activators of Transcription (STAT1, STAT3, and STAT5A/5B) (Korpelainen et al., 1999) and in this study, we
saw a significant increase of p21 mRNA expression when TIE2 was expressed, compared to TIE2" MCF-7
TIE2™'cells. Overall p21 and p27 expression is regulated by a variety of factors (Hnit et al., 2015; Y. S. Jung
et al., 2010) and therefore a more global approach with microarray might be able to elucidate the whole
transcriptional effect of TIE2 expression in our model. This could then be used to determine transcription
factor candidates that could be investigated in detail (Koschmann et al., 2015). For example, Western Blot
for phosphorylated p53, a main transcription activator of p21 transcription (Jung et al.,, 2010) and
phosphorylated STAT proteins (Korpelainen et al., 1999) could be done. Similarly phosphorylated FOX03
has been found to induce p21 transcription (Jung et al., 2010) and could be detected by Western Blot as
well.  On the other hand, FOXO transcription factors (FOXOla, FOX03a, and FOX04) can be
phosphorylated by AKT, a downstream target of TIE2, and lead to a down regulation of p27 expression
(Hnit et al., 2015). It might therefore be interesting to see if FOXO transcription factors are involved in p21

and p27 regulation by TIE2.

We saw that TIE2 expression inhibits cancer cell proliferation through inducing dormancy and this explains
a low expression of TIE2 in proliferating BCa and PCa cells in culture. Interestingly we found that TIE2
expression in biopsies of invasive primary BCa tumors was in general also reduced compared to healthy

breast tissues. However, it can be argued that the biopsies contain a mix of different cells of the tumor
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microenvironment, including non-cancerous cells and therefore the expression levels of TIE2 are the
average of the tumor microenvironment. Nevertheless, the reduced TIE2 expression is congruent with a
dormancy or growth reducing effect of our in vitro experiments. Additionally in primary OSCC TIE2
expression was also decreased compared to normal oral epithelia and in different OSCC cell lines (Kitajima
et al., 2016) which hints at a more general effect of TIE2 in cancer. For a further analysis immortalized but
non-cancerous mammary cells could be used to compare TIE2 expression levels with cancerous cells (e.g.

MCF-10A and MCF-12A).

4.2 TIE2 reduces tumor growth and osteolysis in mice

To evaluate the effect of TIE2 in vivo we used triple-negative 4T1 mouse BCa cells that are suitable to be
used in a syngeneic model with Balb/C mice. 4T1 cells were transduced to express human TIE2 in the
presence of Dox and clonal selection resulted in a clone with 99% TIE2* cells after selection. When we
inoculated these cells in the mammary fat pads of Balb/C mice we saw a growth reduction when TIE2 was
expressed in the presence of Dox. On the other hand 4T1 parental tumor growth was not affected by Dox.
In a bone metastasis model, we were able to confirm the presence of cancer cells qualitatively and found
that TIE2 does not prevent homing of 4T1 cells to the bone regardless of TIE2 expression (86% of mice in
both treatment groups had bone metastasis). For further analysis, immunohistochemical staining for TIE2
and Ki67 proliferation marker to confirm the presence of TIE2 and its growth inhibitory effect in the bone
marrow directly, could be of interest. Although we did not prove TIE2 expression in 4T1 cells, after their
inoculation in mice, we found that in 4T1 TIE2™ cells in culture TIE2 expression was stable during 11 days,
in parallel to the bone metastasis experiment (data not shown). Therefore we assumed a stable TIE2
expression also in mice. When we analyzed radiographs of the hindlimbs, we saw a reduced osteolysis
area when TIE2 was expressed in the presence of Dox while Dox did not affect the osteolysis caused by
parental 4T1 cells. Together these results showed that TIE2 induces dormancy also in vivo. The mechanism
of TIE2 activation was not tested in this model but similar to the MCF-7 TIE2'! cells, either a binding of

mouse ANGPT1 to TIE2 or an autophosphorylation of TIE2 seems likely.
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4.3 High TIE2 expression correlates with a better prognosis

While TIE2 was not preventing 4T1 cells from entering the bone it was still able to decrease the occurrence
and severity of osteolysis in mice. Interestingly these effects of TIE2 expression in vitro and in vivo are
consistent with our findings of BCa progression and outcome in patient data. In six different datasets, we
found that higher levels of TIE2 mRNA in the primary tumor is associated with a significantly longer overall
survival, relapse-free survival, or metastasis-free survival. Additionally, the hazard ratio was lower than
0.85 in 22 different, independent datasets of patients, indicating that overall, BCa patients with high TIE2
expression are less likely to have a relapse, metastases, or a fatal outcome. However, there were also
seven independent datasets where higher levels of TIE2 were associated with a decreased overall or
relapse-free survival (HR>1.15). Unfortunately, a further characterization of the patient cohorts in the
datasets by ER, HER2, or PR status or tumor stage and previous treatments was not possible. Also, it was
not possible to compare the absolute expression levels of TIE2 and relate it to patient outcomes between
different datasets. Nevertheless, we could see that overall BCa patients with high TIE2 expression are less
likely to have a relapse, metastases, or a fatal outcome. Interestingly in a study in OSCC, a similar relation
of TIE2 expression and outcome was observed. In vitro TIE2 expression was associated with a decrease of
the migration and invasion of OSCC cells while in patients with a high immunohistochemistry score for
TIE2, none had developed regional lymph node metastases (0 of 18), while 33% of the patients with a
low TIE2 score showed lymph node metastases (17 of 52, p =0.008) (Kitajima et al., 2016). A longer survival
time and time until the disease progresses as well as less lymph node invasion in OSCC is congruent with

our model, where a high TIE2 expression would lead to a longer dormancy phase of DTCs.

4.4 Cells may start to express TIE2 through signals from the microenvironment

Our results showed that TIE2 is a growth disadvantage for cancer cells in vitro and in vivo, due to induction
of dormancy, while in BCa patients we found a reduced expression of TIE2 in primary, invasive BCa tumors
compared to healthy breast tissue. Therefore cancer cells disseminating to the bone might not have a high
TIE2 expression. Nevertheless, the microenvironment might be able to induce TIE2 expression, once

cancer cells have homed to the bone.

The osteoblastic HSC niche in the bone is a hypoxic microenvironment that helps to maintain the dormancy

and stemness of HSCs (Eliasson and Jonsson, 2010). Hypoxia also increases the expression of TIE2 in
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endothelial cells (Willam et al., 2000). This correlates well with the observation that it is only the HSCs in
the hypoxic osteoblastic niche that are TIE2*, while HSCs in the endothelial niche did not retain TIE2
expression (Arai et al., 2004). In endothelial cells, TIE2 expression is under the HIF-1 control and it was
shown that HIF1 can induce expression of genes that are already transcribed with a basal activity in
normoxic conditions (Xia and Kung, 2009). As some of the BCa and PCa cell lines had a very low but
measurable expression of TIE2 mRNA we tested if mimicking hypoxia could increase TIE2 expression.
However, as we were not able to grow cells under hypoxic conditions we decided to use CoCl; which has
been shown to stabilize HIF-1 and activate the expression of HIF-1 dependent genes (Willam et al., 2000).
Yet when we treated BCa and PCa cells with CoCl; the reporter gene of HIF-1 activation, NDRG2, was down-
regulated. In endothelial HUVECs we saw a non-significant up-regulation of NDRG2 in presence of CoCl,,
however, TIE2 expression was significantly reduced. This is in contrast to a previous report where both
hypoxia and CoCl; led to an increase of TIE2 protein expression in Human dermal Microvascular Endothelial
Cells (HMEC) and HUVECs (Willam et al., 2000). As we used a similar concentration of CoCl; as has been
reported (100 uM vs 75 uM by Willam et al., (2000)) and others have used 150 uM CoCl, without adverse
effects in Hela cells (Triantafyllou et al., 2006), it seems less likely that CoCl, concentrations were toxic to
the cells. Therefore we were not able to determine why TIE2 and NDRG2 expression was down-regulated
in the presence of CoCl; in HUVEC and cancer cells, respectively. For a further evaluation of hypoxia on

TIE2 expression, a hypoxic growth environment would be required.

A different possibility of TIE2 up-regulation was observed by Capulli and co-workers (Capulli et al., 2019).
In triple-negative MDA-MB-231 cells with a high Notch expression, they found an up-regulation of TIE2
(10° times more TIE2 mRNA, p<0.0001) and other HSC associated genes (CXCR4, SCA1, CD34) compared to
MDA-MB-231 with a low Notch expression (Capulli et al., 2019). Notch expression was increased in MDA-
MB-231 but not in MCF-7 cells when they were cultured with Jagged expressing osteoblasts. Notch"e"
MDA-MB-231 and also 4T1 mouse BCa cells could be found attached to N-cadherin positive osteoblasts in
IHC stained bone sections. Additionally, Notch"&" MDA-MB-231 were not expressing the Ki67 proliferation
marker and did not induce osteolysis in CD1 nu/nu mice, indicating dormancy. Furthermore in biopsies of
the primary tumors of BCa patients, Notch'" cells were a small minority, and yet Notch"&" BCa cells could
be found close to the bone in corresponding bone marrow biopsies (Capulli et al., 2019). Overall these
results suggest that BCa cells, bound to osteoblasts, can up-regulate TIE2 in a Notch-dependent manner
and this might help to induce and maintain dormancy. Especially since osteoblast are the main source of
ANGPT1 in the bone (Arai et al., 2004). A knockdown of TIE2 in Notch overexpressing cells could elucidate

if TIE2 has an influence in this model.
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The observation of TIE2 up-regulation in the bone has also been made by Werbeck et al. (2014) who
compared the gene expression of different sites of metastasis from Met-1 cells, derived from the primary
tumor of an MMTV-PyMT mouse. They found that TIE2 mRNA expression levels were significantly higher
in Met-1 cells growing in the tibia (3.8-fold, p = 0.03) when compared to Met-1 cells inoculated in the
mammary fat pad. Interestingly the Ki67 protein expression in immune stained tissue sections was lower
in the bone than in mammary fat pad tumors (Werbeck et al., 2014). Considering our results the higher

expression of TIE2 might induce dormancy and consequently results in a reduced proliferation index.

Taking into account the results of Capulli et al. (2019) and Werbeck et al. (2014) it seems that the
expression of TIE2 can be induced through the local microenvironment after DTCs have entered the bone
even when TIE2 expression had been low before the dissemination. However, in this study, TIE2 expression
alone was not able to inhibit proliferation and tumor growth entirely, despite clear dormancy induction in
some cells in vitro and reduced osteolysis. Therefore long term dormancy in DTCs, again similar to HSCs, is

likely the result of multiple factors such as BMP-7, GAS-6, and JAG1 (Jahanban-Esfahlan et al., 2019).

4.5 TIE2 inhibition and chemotherapy might serve as DTC treatment

Treatment of dormant cancer cells by releasing them from their nonproliferative state has been proposed
and is discussed controversially (Ghajar, 2015; Giancotti, 2013). The major concern is that the destruction
of all DTCs during treatment is difficult to achieve and a failure to do so could result in a cancer relapse
and metastasis. Nevertheless, proponents for this approach argue that inhibiting key pathways like SRC or
PI3K/AKT may induce apoptosis and therefore this approach might be considered superior to a lingering
chance of relapse (Giancotti, 2013). With TIE2 signaling through the PI3K/AKT pathway and the
development of anti TIE2 therapies in clinical trials, we sought to develop a TIE2 inhibiting shark vNAR. We
utilized phage display to obtain a vNAR from a pool of three synthetic phage libraries. Phage display was
performed by negatively selecting phages binding to cells that did not express TIE2 and a positive selection
on cells overexpressing TIE2. However, we were only able to find one candidate in the second phage
display experiment, #2.4.12, that seemed to bind to TIE2, using vNAR bound to phages in a phage ELISA.
Although we were able to express the vNAR #2.4.12 in E. coli we could not purify it with Ni-NTA resin, using
the 6xHis tag of the vNAR. As we had the same result when we repeated the purification attempt we
hypothesized that the His-tag might be incorporated in the tertiary structure of the vNAR. Indeed an ELISA

with an anti His antibody showed no signal in contrast to a control vNAR (data not shown). Due to time
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constrictions and because the inhibition of TIE2 by the vNAR candidate had not been shown, we did not
attempt to further purify the vNAR. For further attempts to obtain a vNAR, the phage selection could be
done with more than one cell line. As we have MCF-7 TIE2" and 4T1 TIE*¢ cells available with a high
percentage of TIE2* cells in the presence of Dox, these cells could be used in anew phage display.
Alternating between the two cell lines in the consecutive pannings may increase the selection of phages
binding TIE2 instead of antigens on MCF-7 or 4T1 cells. Another possibility could be to immunize a horn
shark with TIE2 protein and obtain an immune library of vNAR candidates that recognize and inhibit TIE2

signaling.

As we had not been able to find a TIE2 neutralizing shark vNAR we decided to use the tyrosine kinase
inhibitor rebastinib (DCC-2036). Rebastinib is a small molecule inhibitor of the Abelson tyrosine-protein
kinase proto-oncogene 1 (ABL1) but also of TIE2 and as such it can be used to inhibit angiogenesis (Chan
et al,, 2011; Harney et al., 2017). Currently, rebastinib is in clinical trials of phase 1 and 2 for the treatment
of BCa patients (NCT02824575, NCT03717415, and NCT03601897). When testing a panel of 300 kinases in
a cell-free assay and measuring ADP production through absorbance decrease of oxidized NADH, TIE2
inhibition by rebastinib was found to be highly specific. The IC50 of rebastinib was three times lower for
TIE2 than the tyrosine kinase, neurotrophic receptor tyrosine kinase (TRKA) (0.068 nM vs. 0.17 nM), that
was found to be the nearest neighbor, determined by the predicted physicochemical properties predicted
from the protein primary sequence (Harney et al., 2017; Keck and Wetter, 2003). Yet when we incubated
MCEF-7 TIE2™ cells with rebastinib we found that the growth inhibitory effect of TIE2 expression was not
prevented but instead rebastinib started to reduce the cell viability in MCF-7 TIE2™* cells without TIE2
expression. This indicated that the inhibitory effect may not be as specific and other kinases that are
important for growth might be inhibited as well. Therefore we did not continue trying to inhibit TIE2 with
rebastinib but instead concentrated on the differences between TIE2 expressing and not expressing cells.

Ideally, a TIE2 inhibition would have the same effect as not inducing TIE2 expression with Dox.

Besides rebastinib, the small peptibody AMG-386 which can bind both TIE2 ligands ANGPT1 and ANGPT2,
also seems to be a promising candidate for inhibiting TIE2 mediated angiogenesis in cancer. Currently,
there are three clinical trials in phases 1 and 2 using AMG-386 in combination with chemotherapeutics
(paclitaxel or the 5-FU pro-drug capecitabine) or alone, to target BCa (NCT00511459, NCT00807859, and
NCT01042379)(Neal and Wakelee, 2010). As antiangiogenic therapies targeting TIE2 could be beneficial in
targeting tumors an unwelcome side effect might be the inhibition of TIE2 induced dormancy. In this study,
we found that not TIE2 expressing MCF-7 TIE2*! cells were more sensitive to 5-FU than TIE2 expressing

cells. This suggests that combining anti TIE2 agents with chemotherapeutics will permit the elimination of
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awakened DTCs as they resume their proliferation. Nevertheless, more research would have to be

conducted to answer this question in a way that proposals for the clinic could be made.

In summary, we could show that TIE2 expression is a growth disadvantage by inducing dormancy, which
we showed in MCF-7 BCa cancer cells in vitro. TIE2 expression also correlated with increased
chemotherapy resistance. Although we were not able to reverse the effect of TIE2 induced dormancy by
TIE2 inhibition we saw that cells without TIE2 expression were more sensitive to a chemotherapeutic
agent, indicating that a successful inhibition of TIE2 could increase DTC sensitivity to chemotherapeutics.
Finally, we saw that TIE2 expression reduced 4T1 mouse BCa tumor growth and reduced the extent of
osteolysis in a 4T1 bone metastasis model. Overall these results can explain a longer time until metastasis
detection, relapse time, and overall survival time that patients with a high TIE2 expression in their primary
tumor had. TIE2 could therefore serve as a prognosis marker and as a potential target mechanism in

dormant DTCs.
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Chapter 5. Conclusion

This work shows that the tyrosine kinase receptor TIE2 is sufficient to induce dormancy in MCF-7 BCa cells
in vitro. TIE2 expression reduced tumor growth in vivo and reduced the number of osteolytic lesions and
its severity in mice. Therefore, TIE2 induced dormancy could explain an increased time until BCa relapse,
time until metastasis, and overall lifespan that we found in BCa patients with a high TIE2 expression in

their primary tumor. Therefore, TIE2 expression may serve as a prognosis marker for BCa patients.

We have not been able to obtain a TIE2 binding shark vNAR within the synthetic phage libraries. Further
approaches to obtain a vNAR may necessitate obtaining an immune library from a TIE2 inoculated horn

shark and or change the panning strategy to find a TIE2 binding vNAR.

The small-molecule inhibitor rebastinib was not reversing the decreased cell proliferation induced by TIE2,
but instead decreased the cell viability of MCF-7 TIE2® cells in general. This may indicate that rebastinib
is less specific to TIE2 than it has been reported and further experiments to inhibit TIE2 could use other

small molecule TIE2 inhibitors.

TIE2 induced dormancy reduced the sensitivity of MCF-7 cells to the chemotherapeutic 5-Fluorouracil. This
indicates that an inhibition of TIE2 may be able to increase their sensitivity to chemotherapeutic agents by
inhibiting the dormancy inducing effect of TIE2. Since TIE2 inhibiting drugs that are currently in clinical
trials, in an anti-angiogenic role, they may inhibit TIE2 induced dormancy in DTCs. Therefore a combination
with chemotherapeutic drugs should be considered during their use as this may help to reduce the risk of
bone metastasis. However further studies, possibly including the drugs that target TIE2 in clinical trials,

are needed before clinical evidence could be given.
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